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Abstract The identification of pathogenic bacteria is a fre-
quently required task. Current identification procedures are
usually either time-consuming due to necessary cultivation
steps or expensive and demanding in their application.
Furthermore, previous treatment of a patient with antibiotics
often renders routine analysis by culturing difficult. Since
Raman microspectroscopy allows for the identification of
single bacterial cells, it can be used to identify such difficult
to culture bacteria. Yet until now, there have been no investi-
gations whether antibiotic treatment of the bacteria influences
the Raman spectroscopic identification. This study aims to
rapidly identify bacteria that have been subjected to antibiotic

treatment on single cell level with Raman microspectroscopy.
Two strains of Escherichia coli and two species of
Pseudomonas have been treated with four antibiotics, all
targeting different sites of the bacteria. With Raman spectra
from untreated bacteria, a linear discriminant analysis (LDA)
model is built, which successfully identifies the species of
independent untreated bacteria. Upon treatment of the bacteria
with subinhibitory concentrations of ampicillin, ciprofloxacin,
gentamicin, and sulfamethoxazole, the LDA model achieves
species identification accuracies of 85.4, 95.3, 89.9, and
97.3 %, respectively. Increasing the antibiotic concentrations
has no effect on the identification performance. An ampicillin-
resistant strain of E. coli and a sample of P. aeruginosa are
successfully identified as well. General representation of an-
tibiotic stress in the training data improves species identifica-
tion performance, while representation of a specific antibiotic
improves strain distinction capability. In conclusion, the iden-
tification of antibiotically treated bacteria is possible with
Raman microspectroscopy for diverse antibiotics on single
cell level.

Keywords Single cell analysis . Bacterial classification .

Pseudomonas stutzeri . Pseudomonas thermotolerans .

Raman spectroscopy

Introduction

Infectious diseases in general pose serious health problems
worldwide. Increasing antimicrobial resistances further aggra-
vate the situation [1]. They result in part from excessive or
ineffective application of antibiotics. For ensuring the optimal
patient treatment with antimicrobials and at the same time
reducing the risk of resistance development, a reliable patho-
gen identification is necessary. A recent study by Hranjec and
colleagues has shown that the initiation of correct treatment,
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even if its application is delayed, results in a decreased mor-
tality compared to immediate “aggressive” antibiotic treat-
ment [2]. However, for critically ill patients with fast-
progressing or severe diseases such as sepsis, a delayed med-
ication is often unacceptable. Rapid and accurate pathogen
identification and subsequent adequate antibiotic treatment
can save lives here [3–5].

Current pathogen identification is routinely achieved by
microbiological methods, which require multiple cultivation
steps and can take up to several days before the identification
result is available [5, 6]. Numerous efforts have been made
aiming at a faster identification of microorganisms. A prom-
ising technique is polymerase chain reaction (PCR), since it
can detect multiple microorganisms at once and even has the
potential to detect single cells [7, 8]. However, the need for
species-specific probes, which might not even be available for
certain organisms as well as contamination issues make PCR a
demanding technique. Furthermore, in routine analysis, PCR
is mostly performed on isolated colonies, which still requires
previous cultivation [9].

In recent years, the identification via matrix-assisted laser
desorption ionization–time of flight (MALDI-TOF) spectrom-
etry has attracted considerable interest as is reflected in nu-
merous reviews on the subject [10, 11]. Although identifica-
tion is achieved for solid cultures from different media with
good to excellent results [12] and even identification directly
from positive blood cultures is possible [11, 13], the method is
not suited for mixed samples [6, 10, 14]. Furthermore,
MALDI-TOF still requires prior cultivation, but in addition
also is strongly dependent on the initial blood culture as well
as the sample preparation procedure [14, 15].

An alternative method of identification can be vibrational
spectroscopy, that is, infrared (IR) absorption or Raman spec-
troscopy. Vibrational spectroscopy excites molecular vibra-
tions whose frequencies depend on the type of chemical bonds
and atoms involved in the molecular vibrations and on the
local chemical environment; that is why each substance has a
unique vibrational spectral pattern. The vibrational spectrum
of biological samples like cells or tissue is the result of a
superposition of the vibrational information of their molecular
constituents (e.g., DNA, proteins, lipids, etc.). Thus, recording
the whole biological composition of the sample results in a
phenotypic, fingerprint-like vibrational spectrum.

In recent years, numerous studies have shown that both, IR
absorption [16–19] and Raman spectroscopy [18, 20–31] have
the potential to distinguish between different microorganisms
even down to the strain level. Since water has intense spec-
troscopic signals in IR spectra but only very weak signals in
Raman spectra, Raman spectroscopy is particularly well suit-
ed to investigate living organisms, as it is also non-destructive.
First investigations of microorganisms with Raman spectros-
copy used bulk samples [21, 22], but the investigation and
even identification of single microorganisms with Raman

microspectroscopy is possible as well and has gained increas-
ing attention over the last years [20, 23, 26–30].

The identification of new samples is achieved by compar-
ing their Raman spectra to a database of reference spectra. The
potential of Raman microspectroscopy to investigate single
bacterial cells allows for the direct application of the method
to bacterial samples without the need to cultivate. It has been
proven that bacteria from a patient sample could be identified
with this method without any prior cultivation of the patient
sample [20, 23]. In combination with isolation techniques
such as filtering, magnetic bead separation, or special centri-
fugation [30] to separate the bacteria from a matrix, this would
allow to directly identify bacteria from patient samples.

In routine diagnostics, the identification task may be
further complicated by previous antibiotic treatment. Once
an antimicrobial therapeutic has been given to a patient, the
gold standard for identification—positive blood cultures—is
much more difficult to obtain [32, 33]. Since Raman
microspectroscopy offers the possibility to identify single
bacterial cells, cultivation and possible cultivation problems
from antimicrobial treatment do not pose a problem for this
method and would not prevent its applicability. However,
the influence of the antibiotic treatment on the bacteria
might be one.

Some groups investigated the influence of a single antibi-
otic on bacteria with Raman spectroscopy and found dose-
and time-dependent differences in the spectra of treated and
untreated bacteria [26, 34–37]. However, only in one study,
subinhibitory concentrations of the antibiotic were adminis-
tered [34], which would be comparable to the scenario of
ineffectively treated patients and in none of these studies
spectra were recorded from single cells. Furthermore, only
one bacterial strain was investigated per study, which provides
no information whether these spectral changes are large or
small in comparison to the spectral difference between species
and if they would hinder Raman spectroscopic identification
of species.

In the present study, we want to address this latter question.
For work safety reasons, we use non-pathogenic substitutes of
the typical sepsis pathogens Escherichia coli and
Pseudomonas aeruginosa and determine whether the applica-
tion of subinhibitory concentrations of antibiotics interferes
w i t h t h e i d e n t i f i c a t i o n c a p a b i l i t y o f Raman
microspectroscopy. To this end, the bacteria (two strains of
E. coli , Pseudomonas stutzeri , and Pseudomonas
thermotolerans) are treated with four antibiotics with distinct-
ly different modes of action that target different sites in the
bacteria. Raman spectra from single bacteria are measured and
identified using several previously trained linear discriminant
analysis (LDA) models. Also, the effect of the antibiotic
concentration and resistance are tested and discussed.
Finally, a pathogenic strain of P. aeruginosa is investigated,
applying the model.
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Materials and methods

Chemicals For the culture media, meat extract and agar (both
suitable for microbiology) were purchased from Merck, pep-
tone from casein (tryptic digestion) from Roth. Ampicillin
sodium salt was purchased from Applied Chem (Darmstadt),
ciprofloxacin was obtained from Fluka, gentamicin sulfate
solution (10 mg/mL gentamicin) and sulfamethoxazole were
purchased from VWR. All antibiotics were of analytical stan-
dard grade or biochemical grade.

Bacteria E. coliDSM 423, E. coliDSM 498, P. stutzeriDSM
5190 and P. thermotolerans DSM 14292 were obtained from
the German collection of microorganisms and cell cultures
(DSMZ). P. aeruginosa CIP 82.118 was obtained from the
Collection Institute Pasteur (CIP). E. coli DH5α were trans-
formed with plasmid pDrive and kept on solid agar plates
containing 10 mg/L ampicillin [31].

For measurements, the bacteria were grown in liquid cul-
ture with standard nutrient broth (NA) (0.3 % meat extract,
0.5 % peptone) at 37 °C and 200 rpm for 16 h. Antibiotics
were added to some samples prior to inoculation. Samples of
E. coli DH5α were only grown with ampicillin to retain the
plasmid-coded resistance. Since we aim to determine the
effect of antibiotic treatment on the Raman spectroscopic
identification performance, we used defined, i.e., cultured
samples so as to not introduce additional sample variations
at this early stage of investigation.

For growth with antibiotics, the minimum inhibitory con-
centration (MIC) was determined for each strain and antibiotic
in drug dilution series (see also supporting information). The
MIC of the least tolerant bacteria was taken as reference value
and all bacteria were treated with half of this MIC. This
corresponds to 0.5 mg/L for ampicillin, 0.0025 mg/L for
ciprofloxacin, 0.025 mg/L for gentamicin and 4 mg/L for
sulfamethoxazole, respectively.

All samples grown without antibiotics, with ampicillin or
ciprofloxacin, were measured at least in triplicates at different
days and cultivated in different medium batches to ensure
complete independence. For gentamicin and sulfamethoxa-
zole, duplicate measurements were performed and for samples
of P. aeruginosa measurements were performed only once,
since these data were used solely for identification purposes.

For Raman spectroscopic measurements, 1 mL of the cul-
ture was centrifuged (2,113 g, 5 min, 4 °C, Rotina 380R,
Hettich), washed with 0.9 % sodium chloride solution and
resuspended in 500–1,000 μL distilled water depending on
the pellet size. Drops of this suspension were spotted onto
fused silica slides and dried at room temperature.

Raman measurements The Raman spectra were measured
with a BioParticle Explorer (RapID, Berlin, Germany). The
device was equipped with a frequency-doubled Nd:YAG laser

(532.11 nm, LCM-S-111-NNP25, Laser-export Co. Ltd.). The
laser beam was focussed onto the sample with a ×100 objec-
tive (Olympus MPLFLN 100× BD) with a power of approx-
imately 7 mW applied to the single bacterial cells. Spectrum
acquisition time was 20 s per cell. The Raman backscattered
light was collected with the same objective at 180°. Rayleigh
scattered light was removed by two edge filters. The Raman
scattered light was passed through a single-stage monochro-
mator (Horiba Jobin Yvon, HE532, 920 lines/mm) and the
signal was detected with a Peltier-cooled charge coupled
device camera (DV401A-BV, Andor Technology) with a
spectral resolution of approximately 10 cm−1 in the range of
−113 to 3,186 cm−1.

Data treatment and statistical calculations All preprocessing
and statistical analyses were carried out in the statistical lan-
guage GNU R, Version 2.13.1 [38]. All spectra were
preprocessed as follows: Cosmic spikes were removed from
the spectra and the x-axis was corrected for wavenumber shifts
by comparing the band positions of the reference compound
4-acetamidophenol to established literature values [39] ac-
cording to established procedures [30]. For baseline correc-
tion, a fourth-order polynomial was fitted to the baseline in the
range of 550–3,186 cm-1 and subtracted from the spectra.
Finally, the spectra were vector normalized. For statistical
analyses, at least one batch replicate was excluded from the
model training always, to be used as independent test data set.
The number of spectra used to build the models varied, but can
be found in the classification tables in the electronic supple-
mentary material for each model. A principal component
analysis (PCA) was performed on the classification spectra
and the first 20 principal components (PCs), which account
for 73.5–76.6 % of the spectral variation in the different data
sets, were used for LDA. The classification capability of the
model was estimated with leave-one-out cross-validation. The
identification data were preprocessed separately to ensure
complete independence and rotated into the PCA space of
the classification data by the respective PCA loadings.

Results

We grew the four bacterial representatives of our study each
under several conditions. First, we cultivated them in standard
nutrient broth only to represent the native state of the bacteria.
For antimicrobial treatment, we added one of the antibiotics
(ampicillin, ciprofloxacin, gentamicin, or sulfamethoxazole)
to the cultivation broth to a final concentration of half of the
MIC of the least tolerant microorganism.

Figure 1 shows the resulting mean Raman spectra for each
of the bacterial taxa under investigation in their native state,
i.e., grown without antibiotics. The spectra show the typical
signals of biological samples at 2,933 cm-1 (CH2 and CH
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groups), 1,659 cm-1 (amide I of proteins), 1,578 cm-1 (DNA/
RNA), 1,447 cm-1 (C–H), 1,337 cm-1 (DNA/RNA), 1,317 cm-1,
1,243 cm-1 (amide III), 1,094 cm-1 (DNA/RNA), 1,003 cm-1

(phenylalanine in proteins) and 785 cm-1 (DNA/RNA) [18,
20, 24, 28, 31]. However, most signals are a superposition of
bands from several compounds, since the entirety of biochem-
ical compounds in a bacterial cell contributes to the Raman
spectrum. A more detailed tentative assignment of the Raman
signals can be found in the Electronic supplementary material,
Table S1.

The differences in the spectra are hard to distinguish by
simple visual inspection and not necessarily significant to
distinguish the groups from one another. A large variability
in the molecular setup between individual cells of one group
may occur. Therefore, for a proper determination of group-
specific variations in the spectra of single bacterial cells sta-
tistical tools are necessary. To this end, we applied the che-
mometric tool of LDA to our data.

Data evaluation by linear discriminant analysis We first in-
vestigated the possibility to identify untreated and antibiotically
treated bacteria based on a reference database containing native
samples only. For these analyses, the spectra of untreated bac-
teria from all replicates except one were combined. This model
is referred to as model N (for native). Spectra of untreated and
antibiotically treated bacteria from the left out replicate served as
identification data set. Fig. 2 shows a 3D scoreplot of the LDA
classification for model N. Spectra of the four different classes

are represented by differently colored dots (E. coli DSM 423 in
black, E. coli DSM 498 in red, P. stutzeri DSM 5190 in green
and P. thermotoleransDSM 14292 in blue). The spectra cluster
according to their class membership in distinctly different areas
of the discriminant space. The ellipsoids depict the 95 % con-
fidence interval for each class, i.e., the space within which 95%
of the spectra of the respective class are located. Since the
ellipsoids of the two E. coli strains are in part intersecting, a
distinction between the two strains will be difficult. The assign-
ment of the spectra to one of the four classes is given in
Electronic supplementary material, Table S2A, visualization of
the separating LD vectors can be found in the Electronic sup-
plementary material, Fig. S1.

To identify untreated bacteria from the left out replicate
with model N, the independent data are projected into the
same space as the model training data (see Fig. 3a). The
assignment results are summarized in Electronic supplemen-
tary material, Table S2B. From the data, we calculated that
79.8 % of the spectra (415 out of 520) are assigned to the
correct strain. The low accuracy on strain level indicates that
the distinction between the different E. coli strains is not very
effective with our model. Combining both strains of E. coli to
one class allows us to determine the models capability to
correctly determine the bacterial species. Identification of the
different species is achievedwith very high accuracy of almost
96 % (498 out of 520). Further combination of the species to
classes of the same genus (Escherichia versus Pseudomonas)
results in correct class assignment for 98.7 % of the spectra
(513/520).

Since the performance of the model for the species identifi-
cation of new data is the same as for classification (see
Electronic supplementary material, Tables S2A and S2B), the
model generalizes very well. Only for the two strains of E. coli

Fig. 1 Mean Raman spectra for all investigated bacteria grown without
antibiotics. Spectra of E. coli DSM 423 (A), E. coli DSM 498 (B),
P. stutzeri (C) and P. thermotolerans (D) are depicted in the spectroscopic
range of interest and are corrected for cosmic spikes, x-axis shift and
baseline before vector normalization. For each mean spectrum at least 40
spectra of single cells were averaged

Fig. 2 LDA score plot for the classification of untreated bacteria (model
N). The four classes are color-coded as follows: E. coli DSM 423 in
black, E. coli DSM 498 in red, P. stutzeri in green, P. thermotolerans in
blue. The ellipsoids represent the area, within which 95 % of the spectra
of the respective group are found
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there seems to be a tendency to overfit the classification data, as
the strains can be separated reasonably well in the latter but this
separation capability is lost for the independent data. Therefore,
the distinction of the two strains will rarely be discussed further.
It should be noted, however, that this lack of strain distinction
capability is not inherent to the method of Raman spectroscopic
identification, since other researchers successfully discriminate
up to nine different E. coli strains [24, 25].

Influence of antibiotics on identification performance Model
N is then used to identify antibiotically treated bacteria. The
results are displayed in Fig. 3c-f and summarized in the
confusion tables S2C-E (Electronic supplementary material).
An exemplary summary of the spectral assignment to one of
the four classes is given in Table 1 for ciprofloxacin-treated
bacteria.

In Fig. 3, the data points from the model training (Fig. 3a)
are omitted for better orientation and only the elliptical confi-
dence areas are depicted.

For bacteria grown with ciprofloxacin or sulfamethoxazole
(Fig. 3d, f), the new data clearly localize within the elliptical
confidence interval, indicating accurate identification. Correct
species assignment is obtained for 95.3 and 97.3 % of the
bacteria, respectively (Table 1 and Electronic supplementary

material, Table S2E). Spectra of ampicillin- or gentamicin-
treated bacteria (Fig. 3c, e) are visibly more dissimilar to the
training data, their data points being shifted towards the edges
of the ellipses and correct species identification is obtained
only for 85.4 % of the ampicillin-treated and 89.9 % of the
gentamicin-treated bacteria (Electronic supplementary mate-
rial, Tables S2C and S2D). One may expect the spectral
variations induced by the antibiotic treatment to be reflected
in the mean spectra. However, no consistent spectral variation
is visible by eye upon comparing the mean spectra of treated
and untreated bacteria (see Electronic supplementary material,
Fig. S2a). Spectral regions that differ between treated and
untreated bacteria coincide with regions of large spectral
variation within a class (see Electronic supplementary mate-
rial, Fig. S2b), which renders these variations most likely
nonsignificant [29].

As a generalization test of model N, we introduced strains
unknown to the database. One is the strain E. coli DH5α,
which additionally displays resistance against ampicillin.
Although not being included into the training data and always
grown with ampicillin, most of the spectra are localized within
the confidence intervals of the E. coli classes of the training set
and 98.4 % of the spectra are identified correctly to be E. coli
(see Electronic supplementary material, Fig. S3a and

Fig. 3 Classification and identification results for the LDAmodel trained
with untreated bacteria (model N). Panel a displays the classification
results. The numbers represent the single spectra from the training data
set, the ellipses represent the area, within which 95 % of the spectra per
class are located. Panels b to f show the position of the identification data
(symbols) in relation to the classification data (ellipses) for native bacteria

(b) and bacteria treated with ampicillin (c), ciprofloxacin (d), gentamicin
(e) and sulfamethoxazole (f). The colors correspond to E. coli DSM 423
(black), E. coli DSM 498 (red), P. stutzeri (green) and P. thermotolerans
(blue). Note that the axes are chosen differently in each panel in order to
display all data points of the identification spectra
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Table S3). Going a step further, we challenged the model with
a patient isolate of P. aeruginosa, which also was treated with
antibiotics. In the LDA score plot, these spectra are localized
close to the Pseudomonas species used for model training, but
the center of the group is visibly different, being between both
known Pseudomonas species (see Electronic supplementary
material, Fig. S3c-d). This is to be expected as this species was
not included into the training data. Still, up to 98 % of the
bacteria were assigned to the correct genus (see Electronic
supplementary material, Table S4). Furthermore, the treatment
with different antibiotics does not lead to major shifts of the
spectroscopic data in the LDA space (see Electronic supple-
mentary material, Fig. S3c–d). This indicates that from a
spectroscopic point of view, pathogenic bacteria react to anti-
biotic treatment in the same way as non-pathogenic ones.

To investigate dosage effects, we grew samples with in-
creased antibiotic concentrations. For two samples cultivated
with doubled gentamicin dose species identification was still
correct for all spectra ofE. coliDSM 498 and for 85.7% of the
spectra from P. stutzeri (see Electronic supplementary materi-
al, Fig. S3b and Table S3). For E. coli DH5α, increasing the
ampicillin concentration to 5 or 20 mg/L does not change the
identification performance. All spectra but one were correctly
identified as E. coli (see Electronic supplementary material,
Fig. S3a and Table S3).

Inclusion of antibiotic stress into model training The spectral
changes in the bacteria upon antibiotic treatment may be due
to the nature of the particular antibiotic or they can be a result
of the stress the bacteria experience by the application of
antibiotics. To investigate this question, we created a new
LDA model, where we used native bacteria and bacteria
stressed with ciprofloxacin for the training (model NC) thus

reflecting general antibiotic stress in the database. Upon pro-
jection of independent data from identically treated bacteria
into the LD space of the training data (Electronic supplemen-
tary material, Fig. S4b and S4d) most of the new data cluster
in the same space as the training data. Correct species identi-
fication is achieved for 97.3 % of the native and 97.4 % of the
ciprofloxacin-treated bacteria (Electronic supplementary ma-
terial, Tables S5B and 2), which represents a slight improve-
ment compared to model N by 1.5 and 2.3 %, respectively.

This improvement in identification, however, is also ob-
served for the antibiotics not included into the training of the
model. Identification accuracy of bacteria treated with ampi-
cillin, gentamicin, and sulfamethoxazole is improved by 2.0,
1.9, and 0.6 %, respectively (Electronic supplementary mate-
rial, Tables S5C–E).

The comparison of the assignment of ciprofloxacin-treated
bacteria with Table 1 shows that the strain identification for
spectra of E. coli significantly improves from 69.0 % with
model N to 86.9 % with model NC. Also, for bacteria treated
with other antibiotics, strain identification is improved.

To test whether the mode of action of the antibiotics in-
duces specific spectral changes in the bacteria, we trained two
models exclusively with data from ampicillin- and
ciprofloxacin-treated bacteria (model A and model C), respec-
tively. These models should perform superior on unknown
data treated with the same antibiotic. For species identification
of independent test data, both models perform similarly well
on respectively treated samples as model N (see Electronic
supplementary material, Fig. S5 and Table S6 for model A and
Fig. S6 and Table S7 for model C), but for strain identification
the best performance on spectra from antibiotically treated
bacteria is indeed achieved with the model trained with the
respective antibiotic.

Table 1 Confusion tables of
LDA identification of ciprofloxa-
cin-treated bacteria with model N

The first part presents the results
on strain level, the second part
gives the same results on species
level, i.e., both strains of E. coli
are combined to one class. Sensi-
tivity and specificity are given for
each class. For strain distinction,
the overall sensitivity is 77.0 %
and overall specificity is 92.8 %.
For species identification, average
sensitivity is 94.3 % and average
specificity is 97.7 %

Assigned to Real class

Strain level E. coli DSM 423 E. coli DSM 498 P. stutzeri P. thermotolerans

E. coli DSM 423 40 28 0 1

E. coli DSM 498 12 26 0 1

P. stutzeri 0 0 53 0

P. thermotolerans 0 1 8 62

Total accuracy 78.0 %

Sensitivity 76.9 % 47.3 % 86.9 % 96.9 %

Specificity 83.9 % 92.7 % 100 % 94.6 %

Species level E. coli P. stutzeri P. thermotolerans

E. coli 106 0 2

P. stutzeri 0 53 0

P. thermotolerans 1 8 62

Total accuracy 95.3 %

Sensitivity 99.1 % 86.9 % 96.9 %

Specificity 98.4 % 100 % 94.6 %
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A comparison of the discriminating spectral features re-
veals that irrespective of the applied antibiotic, the same
spectral features are important for genus and species distinc-
tion. For a detailed discussion, see supporting information and
Electronic supplementary material, Fig. S1.

Discussion

In our study, we investigate the impact of antibiotic treatment
of bacteria on the performance of an LDA model to correctly
identify these bacteria based on their Raman spectra. Since
Raman spectroscopic identification works with pathogenic
and apathogenic bacteria alike, for work safety reasons we
chose non-pathogenic bacteria in our study to evaluate the
antibiotic impact. As target organisms, we chose non-
pathogenic representatives of frequent Gram-negative sepsis-
causing bacteria. Two Pseudomonas species substitute for
P. aeruginosa and two E. coli strains substitute for pathogenic
E. coli strains. The different levels of relation are included to
estimate the discriminatory power of our method on genus,
species, and strain level, respectively. Although all samples
were supplied with full medium, some were subjected to
antibiotic stress. As later on in clinical settings it is very likely
that samples of patients that have already received antibiotic
therapy contain ineffectively treated bacteria, we treated our
bacteria inefficiently in this study as well by applying subin-
hibitory concentrations of the antibiotics. To account for the
different modes of action of antibiotics, we chose four antibi-
otic representatives with common modes of action for this
study: Ampicillin as β-lactam antibiotic inhibits cell wall
growth, ciprofloxacin as a member of the fluoroquinolones
is an inhibitor of DNA replication, gentamicin prevents the

translation of the mRNA and therefore the protein biosynthe-
sis and sulfamethoxazole inhibits the synthesis of folic acid, a
precursor to the coenzyme tetrahydrofolate which is essential
for DNA replication.

Identification of bacteria with model N For a first LDA mod-
el, only spectra of bacteria grown without antibiotics are used
for training (model N). Prediction accuracy with leave-one-
out cross-validation is good with 92.8, 97.5, and 98.7 % for
correct strain, species and genus assignment, respectively (see
Electronic supplementary material, Table S2A). For an inde-
pendent data set, correct identification was achieved only for
79.8% of the data. This reduced performance on identification
data is mostly due to intra-species misclassification of the
E. coli strains. This indicates that the model is not well suited
to distinguish between the two closely related E. coli strains
but is rather overfitted in this respect. Most likely, a separate
model trained to distinguish solely stains of E. coli will be
needed, if identification is required on strain level [24, 25].
Still, species identification is successful for 95.8 % of the
spectra (see Electronic supplementary material, Table S2B),
showing the general applicability of our model to identify the
different Gram-negative bacteria used in our study.

Although previous reports suggest changes of the Raman
spectra by antibiotic treatment [26, 34–37] most were done at
concentrations several times higher than the MIC [26, 35–37].
For clinical samples, this would correspond to effective mi-
crobial treatment in a patient. By contrast, our experiments
were done with subinhibitory concentrations of antibiotics,
which for clinical samples would correspond to ineffective
treatment caused by too low dosage or resistance of the
pathogen against the respective antibiotic. We find that accu-
rate species prediction for treated bacteria is possible for up to

Table 2 Confusion tables of
LDA identification of ciprofloxa-
cin-treated bacteria with model
NC

The first part presents the results
on strain level, the second part
gives the same results on species
level, i.e., both strains of E. coli
are combined to one class. Sensi-
tivity and specificity are given for
each class. For strain distinction,
the overall sensitivity is 91.6 %
and overall specificity is 97.3 %.
For species identification, average
sensitivity is 97.0 % and average
specificity is 98.7 %

Assigned to Real class

Strain level E. coli DSM 423 E. coli DSM 498 P. stutzeri P. thermotolerans

E. coli DSM 423 51 12 0 1

E. coli DSM 498 1 42 0 1

P. stutzeri 0 0 59 1

P. thermotolerans 0 1 2 61

Total accuracy 91.8 %

Sensitivity 98.1 % 76.4 % 96.7 % 95.3 %

Specificity 92.8 % 98.9 % 99.4 % 98.2 %

Species level E. coli P. stutzeri P. thermotolerans

E. coli 106 0 2

P. stutzeri 0 59 1

P. thermotolerans 1 2 61

Total accuracy 97.4 %

Sensitivity 99.1 % 96.7 % 95.3 %

Specificity 98.4 % 99.4 % 98.2 %

Raman spectroscopic identification of single bacterial cells under antibiotic influence 3047

���� ��������� �	�
���������
 

	�� �
��������� ��



97.3 % of the spectra, but differs between the four antibiotics
investigated in this study. Ciprofloxacin and sulfamethoxazole
are found to be less disruptive for the identification procedure
than ampicillin or gentamicin. This may be due to their dif-
ferent modes of action.

Ciprofloxacin and sulfamethoxazole impair the DNA rep-
lication either directly or indirectly. These antibiotics therefore
slow the natural bacterial cell cycle and change the amount of
DNA, but this amount varies throughout the normal cell
division as well. These variations will therefore be represented
in the training data set by untreated bacteria in different stages
of DNA replication. As a consequence, bacteria treated with
ciprofloxacin or sulfamethoxazole are identified with high
accuracies of 95.3 and 97.3 %, respectively (Table 1 and
Electronic supplementary material, Table S2E).

On the other hand, antibiotics such as ampicillin and gen-
tamicin change the composition of the cells by interfering with
the biosynthesis of the cell wall or proteins. These biochem-
ical deviations will also be reflected in their Raman spectra,
but will not be captured by the natural variations in the training
data of native bacteria and can therefore lead to difficulties
during identification. This is reflected by the reduced perfor-
mance of the LDA model in identifying ampicillin- or
gentamicin-treated bacteria, achieving 85.4 and 89.9 % accu-
rate species identification only (Electronic supplementary ma-
terial, Tables S2C and S2D).

Interestingly, the concentration of the antibiotics seems to
have no effect on the identification performance as long as it is
subinhibitory. Doubling the gentamicin concentration for a
sample of E. coli DSM 498 and P. stutzeri or growing the
ampicillin-resistant E. coli strain with increasing concentra-
tions of ampicillin up to 40× the original concentration caused
no difficulties for species identification (Electronic supple-
mentary material, Table S3).

The correct identification of the new strain of E. coliDH5α
indicates that the model can be used to identify the species of
strains not included into the model. Furthermore, the fact that
this particular strain shows an antibiotic resistance pattern and
still can be identified accurately is a hint that leads us to
believe that our method is applicable for the identification of
both susceptible and resistant bacteria. This will have to be
validated of course with susceptible and resistant strains of
other species. The investigation of pathogenic P. aeruginosa
treated with antibiotics shows that spectroscopically their
reaction is comparable to that of non-pathogenic bacteria.
This indicates that our findings can be transferred to patho-
genic bacteria. Our results suggest that bacteria grown under
subinhibitory concentrations of an antibiotic can be identified
by their Raman spectra even if the identification model is
derived from untreated bacteria only.

Inclusion of antibiotic stress into database The expansion of
the training data with spectra of antibiotically treated bacteria

of the same type results in enhanced identification accuracy
for independent test spectra of antibiotically treated bacteria.
The improvement is also observed for antibiotics that have not
been included in the model training. Therefore, we conclude
that the representation of unspecific antibiotic stress in the
reference database is beneficial for species identification of
new samples treated with different antibiotics. It can also
improve the discriminatory power for closely related groups
like different strains of a species, but the magnitude of the
effect varies depending on the antibiotic.

If an antibiotic induces specific biochemical changes in the
cells, a model trained exclusively with bacteria treated with
this antibiotic should perform superior in identification of
unknown samples treated with the same antibiotic. However,
for species identification, we found no such correlation for
model A (ampicillin-treated bacteria) or model C
(ciprofloxacin-treated bacteria). This indicates that changes
induced by the subinhibitory application of the antibiotics do
not overshadow the spectral variations between different spe-
cies and Raman spectroscopic species identification is still
applicable.

However, the strain distinction is influenced by the repre-
sentation of antibiotic treatment in the LDA models. A model
distinguishes the two E. coli strains most successfully if new
samples were cultivated under the same conditions as the
database, i.e., model N identifies untreated bacteria best, mod-
el A ampicillin-treated, and model C ciprofloxacin-treated
ones. Hence, the antibiotics’ different modes of action seem
to induce different biochemical changes in the bacteria and
correspondingly in their Raman spectra, which are in a similar
order of magnitude as the variations between strains.
Therefore, accounting for antibiotic stress in general in the
LDA model may improve strain distinction to some degree,
but a representation of the specific applied antibiotic in the
training database is most effective in improving identification
correctness for closely related groups.

Conclusions

From our results, we conclude that bacteria treated with var-
ious antibiotics can be successfully identified by Raman spec-
troscopy. In the model, it is not necessary to account for each
available drug, rather a limited selection to represent antibiotic
stress in general seems to be sufficient. The differentiation
between strains is a more challenging task and requires the
applied model to be more tailored to the specific task by
representing the specific antibiotic in the model database only.
It remains to be investigated, whether such a specific model
will have to be set up for each antibiotic or simply for different
groups of antibiotics reflecting their modes of action. For
future application, the database will have to be expanded to
include clinically relevant Gram-positive and Gram-negative
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pathogens. Also, the effect of different resistance mechanisms
on the spectral identification performance will have to be
evaluated.
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Spatially resolved investigation of the oil composition in single intact hyphae of
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Zygomycetes are well known for their ability to produce various secondary metabolites. Fungi of the genus
Mortierella can accumulate highly unsaturated lipids in large amounts as lipid droplets. However, no informa-
tion about the spatial distribution or homogeneity of the oil inside the fungi is obtainable to date due to the
invasive and destructive analytical techniques applied so far. Raman spectroscopy has been demonstrated to
be well suited to investigate biological samples on a micrometre scale. It also has been shown that the degree
of unsaturation of lipids can be determined from Raman spectra. We applied micro-Raman spectroscopy to
investigate the spatial distribution and composition of lipid vesicles inside intact hyphae. For Mortierella
alpina and Mortierella elongata distinct differences in the degree of unsaturation and even the impact of
growth conditions are determined from the Raman spectra. In both species we found that the fatty acid sat-
uration in the vesicles is highly variable in the first 600 μm of the growing hyphal tip and fluctuates towards a
constant composition and saturation ratio in all of the remaining mycelium. Our approach facilitates in vivo
monitoring of the lipid production and allows us to investigate the impact of cultivation parameters on the
oil composition directly in the growing hyphae without the need for extensive extraction procedures.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Fungi of the genusMortierella are known to produce highly unsat-
urated lipids. Since they are a potential source for highly valuable
pharmaceuticals and food ingredients [1,2], numerous studies have
been carried out to determine the amounts and composition of lipids
from fungi. These fungal lipids differ from those of higher plants in
their pattern of unsaturation because they are able to produce arachi-
donic acid (AA, C20:4 Δ5,8,11,14) and eicosapentaenoic acid (C20:5
Δ5,8,11,14,17) [1,3]. Several species can also produce other valuable
polyunsaturated fatty acids in significant amounts, such as linoleic
acid, γ-linoleic acid and dihomo-γ-linoleic acid [1]. It has been
shown, that the oil composition is very diverse and can be influenced
by many factors. Apart from variations in the oil composition for
different species [1,3–6] the influence of cultivation conditions like

temperature, age of the culture, medium composition (carbon source,
nitrogen source, pH etc.) or supplementation with other oils has been
documented [1,6–10].

The established standardmethod for these analyses is gas chroma-
tography (GC). After the mycelia are dried and subsequently homog-
enized by grinding or sonication, the lipids are transformed into
the fatty acid methyl esters (FAMEs) using aggressive chemicals
such as boronic trifluoride [4,7,8] or trimethyl sulphonium hydroxide
[11,12]. GC-analysis of the FAMEs then gives detailed lipid composi-
tion with high accuracy.

However, even though GC can result in extensive insight into the
lipid composition, the nature of the experiment and the necessary
pretreatment of the sample result in a number of major drawbacks: its
extractive nature requires relatively large sample volumes, the results al-
ways represent themean composition and any spatial information about
the lipid composition within the hyphae and possible variations are lost.

These drawbacks can be countered by using vibrational spec-
troscopy. Infrared absorption (IR) and Raman spectroscopy provide
fingerprint-like information of a sample composition and do not re-
quire extensive sample preparation or chemical pretreatment. As
they are non-destructive, they even offer the possibility to monitor
organisms during their growth.
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Raman spectroscopy is especially well applicable to investigate
biological samples because in contrast to IR absorption spectroscopy
water does not impair the measurements since it is a weak Raman
scatterer. Therefore, Ramanmeasurements can be performed in aque-
ous solutions and also on organisms as has been shown on plants
[13,14], human tissue [15] or even living animals [16–18].

In combination with optical microscopy, micro-Raman spectros-
copy represents a method particularly well suited for spatial investi-
gations of samples. It allows for a spatial resolution down to a single
micrometre and offers the possibility to study intact morphological
structures spectroscopically. The power of this technique has been
shown by the analysis of a variety of biological samples such as
human tissues [19], single tissue cells [20] and their organelles [21]
as well as microorganisms like bacteria and yeasts [22–28]. Further-
more, also the distribution of essential oils in various plants [29]
and seeds [30] as well as lipid bodies inside the xylem of trees [31]
have been investigated without any isolation or pretreatment hence
providing spatial information on the sample.

In addition, Raman spectroscopy is particularly qualified for the in-
vestigation of lipid compounds since lipids exhibit a high intensity spec-
trum with several well defined characteristic bands. These bands can
give quick information on the nature of the lipid (whether it is triglycer-
ides, free fatty acids or phospholipids), the types of double bonds present
(whether they are cis or trans configuration, isolated or conjugated)
[32–35] and even the degree of unsaturation (no, few or many double
bonds) [12,33,34,36]. Themost informative bands for the latter determi-
nation are those that originate from the \CH2 and _CH groups in the
fatty acids, namely two signals at 1260 and 1300 cm−1. By evaluating
these two peaks the degree of unsaturation has been effectively deter-
mined in biological samples as diverse as rape seeds [12], edible oils
[33,35] and oils from oleaginous microalgae [37] proving the applicabil-
ity of this method to very different samples. Although Raman spectros-
copy cannot provide information about individual fatty acids in a lipid
like GC analyses, micro-Raman spectroscopy combines its nondestruc-
tive nature with fast analysis, easy interpretation of the results and
high spatial resolution.

Interestingly, little is known about why Mortierella fungi produce
these valuable oils or their exact benefit for the fungus. Obviously, di-
verse carbon sources are converted into lipids, a feature which is
common for all oleaginous fungi [5,38]. Studies have shown increased
lipid accumulation upon nitrogen starvation, indicating their possible
role as a carbon and energy source [5,39]. The numerous reports
showing an increase in highly unsaturated PUFAs upon decreased
growth temperature [3–5,7,8,38] may simply monitor the known
fact that membranes adapt to low temperatures with increased incor-
poration of highly unsaturated fatty acids or they can be the result of
changed enzyme activity [3]. However, up to now the focus of re-
search has been mainly on the biotechnological exploration of the
oil production. Knowledge of the physiological relevance could be
beneficial for an efficient manipulation of the lipid production.

To elucidate the biological function, knowledge of the spatial and
homogeneity distribution can be very helpful. Even though some
plant samples have been investigated with micro-Raman spectroscopy
regarding the spatial distribution of lipids or essential oils therein, no in-
formation on the homogeneity of these oils within the tissue is available
[29,30,40]. Giarola and coworkers performed micro-Raman investiga-
tions on different samples of mouse fat tissue and they describe a vari-
ation of 3% in peak intensity for different measurement positions of one
sample that is assumed to be homogeneous [41]. However, these mea-
surements were performed on bulk samples and did not investigate the
spatial distribution of the lipids within the tissue.

Therefore, we investigate intact oleaginous fungi of the genus
Mortierella in vivo applying micro-Raman spectroscopy. Since most
hyphae have a diameter of few micrometres, micro-Raman spectros-
copy offers exactly the spatial resolution that is needed for the inves-
tigation of the vesicles visible in hyphae of Mortierella species. The

combination with microscopy allows the directed analysis of selected
structures, for example the fast and non-destructive analysis of single
vesicles inside intact fungal hyphae. In our study we apply this tech-
nique to two species of Mortierella, Mortierella alpina and Mortierella
elongata, two prominent oil producers among mortierellalean fungi
[1,3,4,6] in order to examine the spatial distribution and composition
of the oils in single hyphae and to investigate the influence of
position, hyphal morphology or age on the oil composition. Since
M. alpina and M. elongata are phylogenetically very distant from
each other [42], this high phylogenetic distance implies a representa-
tive taxonomic coverage, possibly rendering our investigations uni-
versal for all mortierellalean fungi.

2. Materials and methods

2.1. Cultivation of fungal samples

For inoculation small blocks of agar from fungal pre-cultures of
M. alpina and M. elongata were placed onto solid glycerin medium
(GYA) [6] or malt extract agar plates (MEA, 2% malt extract, 2% glu-
cose, 0.2% peptone from soy bean, 2% agar). Sterile slides of fused sil-
ica were placed near the inoculation blocks and the samples were
incubated at either 18 °C or room temperature until a monolayer of
hyphae was grown onto approximately half of the slide. For each
species a growth temperature was chosen that ensured sufficient bio-
mass production for the respective analyses during the cultivation
time.

2.2. Sample preparation

The fused silica slides were carefully removed from the agar plates
and placed under themicroscope of amicro-Raman setup. Formeasure-
ments single hyphae were selected directly with the micro-Raman
setup based on their appearance in the microscopic image. Pictures of
themeasurement siteswere obtained prior tomeasurements for subse-
quent correlation of the spectral data to morphology, especially the dis-
tance of the measurement points from the tip of the hyphae.

2.3. Raman measurements

Micro-Raman measurements were performed with a Bio Particle
Explorer (RapID) using a solid-state frequency doubled Nd:YAG
laser (LCM-S-111-NNP25, Laser-export Co. Ltd.) at 532.11 nm and
an incident laser power on the sample of approximately 7 mW. The
laser was focused onto the sample with a 100× objective (Olympus
MPLFLN 100×BD). The Raman back scattered light was collected
with the same objective, passed through a single stage monochroma-
tor (Horiba Jobin Yvon, HE532, 920 lines/mm) and detected with a
Peltier-cooled CCD camera (DV401A-BV, Andor Technology). The
spectral resolution of the setup was approximately 8 cm−1. Spectra
were recorded from 3186 cm−1 to −113 cm−1 with a preburning
time of 15 s and an acquisition time of 15 s.

2.4. Data processing

All calculations were performed with the Matlab version 7.4. Two
subsequent spectra, each recorded half of the total acquisition time,
are combined calculating their mean while deviations greater than
two times the standard deviation from the mean are considered to
be cosmic spikes. In these cases the data point in the mean spectrum
is substituted by the lower value from the two spectra, i.e. the spec-
trum without the cosmic spike. The resulting combined spectrum is
background corrected in the region of 900–1800 cm−1 with a linear
regression fit (window size 150). The two peaks of interest (at 1260
and 1300 cm−1) are fitted with a Lorentzian peak profile in the
region of 1200–1350 cm−1 with a nonlinear least square fitting
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algorithm. The peakmaximum is determined from the fit for each peak
and the ratio of the two values is calculated to I(\CH2)/I(_CHcis)
[12,33,36,41]. Peak intensity ratios that obviously result from problems
in fitting one or both peaks of interest were excluded from further
evaluations.

3. Results and discussion

In hyphae of Mortierella species vesicular structures are often vis-
ible in the microscopic image. They can vary greatly in shape and size
(see Fig. 1) and are assumed to contain the fungal oil. In Fig. 2A and B
microscopic images of a typical hypha are shown. The vesicles can be
observed very clearly in the dark field image in Fig. 2B and are marked
by the circles, whereas in the bright field image in Fig. 2A the hypha
itself is visible more clearly. If a hypha is measured at positions that
show no vesicles in the microscopic image, such as position a in
Fig. 2A, the resulting spectra (Fig. 2C spectrum a) show numerous
overlapping peaks of similar intensities. This is a characteristic pat-
tern for the fingerprint of a whole organism with its typical mixture
of lipids, proteins, carbohydrates, RNA, DNA and others. Similar spec-
tra are obtained for example from bacteria, yeasts or animal tissue
[20,22,27,43–46].

Since the hyphal spectra are not dominated by lipid signals, the fun-
gal oil is not to be found distributed homogeneously in the cytoplasm.
This can be expected since the hydrophobic lipids will aggregate in
the hydrophilic cytoplasm and free fatty acids are potentially harmful
to the cell [47,48].

On the other hand when measuring the vesicular structures inside
the hyphae (Fig. 2A, position b), a clearly different spectral pattern is
observed. This new spectrum (spectrum b in Fig. 2C) is dominated by
a few very distinct bands that all can be attributed to lipid struc-
tures [12,33,36,41,49]. The signal at 1656 cm−1 is typical for the
stretching vibration of isolated, cis-substituted carbon double bonds.
Signals at 1437 and 1300 cm−1 can be attributed to the deformation
and torsion vibrations of \CH2 groups respectively. At 1262 cm−1

the deformation vibration of cis-substituted _CH groups is visible
and the signal at 1742 cm−1 originates from C_O stretching vibra-
tions of lipid ester bonds. An assignment of the bands and the
corresponding literature is given in Table S1. The comparison of the
vesicle derived spectrum b to the spectrum d of the exemplary refer-
ence triglyceride triarachidonin in Fig. 2C shows that the spectral pat-
tern from the vesicle is very similar to that of pure triglycerides.
This proves that these vesicles are indeed predominantly composed
of oil.

Upon comparison of the vesicle spectra from different Mortierella
species variations in the peak intensities become apparent. In
Fig. 2C spectra b and c are obtained from oil vesicles of M. alpina

and M. elongata, respectively. For the two bands at 1300 and
1260 cm−1 a difference in the peak intensities is visible. These two
bands are characteristic signals of \CH2 groups and _CH groups
and can be used to determine the degree of unsaturation in lipid sam-
ples by calculating the ratio of the two peak intensities to I(\CH2)/
I(_CHcis) [12,33,36,41]. The more double bonds the fatty acids con-
tain, the more intense is the _CH signal at 1260 cm−1. Correspond-
ingly the peak intensity of the methylene signal at 1300 cm−1

decreases because the \CH2 groups are replaced by _CH groups.
This results in a high peak intensity ratio for fatty acids with few dou-
ble bonds (low degree of unsaturation) and a decreasing peak inten-
sity ratio as the degree of unsaturation increases (corresponding
to fatty acids with many double bonds). For M. alpina the spectrum
indicates a low peak intensity ratio and thus a high degree of
unsaturation while for M. elongata the ratio is higher and hence the
fatty acids are less unsaturated. This is in agreement with publications
that investigated the oil composition of different Mortierella species
by GC. For M. alpina, Jang et al. as well as Shimizu et al. found much
higher relative amounts of highly unsaturated fatty acids such as AA
in the oils than for M. elongata [3,4,6].

Thus measuring single vesicles inside intact hyphae is feasible.
However, for quantification of the spectral data we first have to deter-
mine the reproducibility of our method. Measurements on mice fat
tissue have been performed with a variation in peak intensity of
only 3% [41], but for fungal hyphae the error may be different. Since
the samples are not as homogeneous in morphology and composition
as bulk fat tissue, the measurement error is expected to be larger
when single oil droplets within filamentous hyphae are investigated.
Therefore, we first ascertained the stability and reproducibility of
our method by repeated measurements on single vesicles inside the
hyphae.

3.1. Variance of measurement

Single large oil droplets were chosen in intact hyphae. Between
the measurements the position of the sample under the microscope
(x and y direction) and the focus (z direction) were changed and
readjusted to account for variations of the measurement positioning
while the measured oil droplet itself is the same. A schematic figure
of an exemplary vesicle under investigation is depicted in Fig. 3A.
The vesicles were measured at different x positions, labelled −2 to
2, and different z positions, labelled bottom, centre and top, respec-
tively. Variations in z position of the vesicle may result in changing
contributions of the cell wall or the fused silica substrate to the spec-
trum, while different x positions can account for spectral information
from the cytoplasm that may occur at the outer positions of a vesicle.

Fig. 3B and C shows the peak intensity ratios from the measure-
ments for one representative droplet of each species. A clear differ-
ence in the peak intensity ratio for the two species can be observed
withM. alpina (□) always showing the lower values. This can already
be expected from the raw spectra in Fig. 2C and is in agreement with
other investigations that report higher percentages of AA in the
extracted oils of different M. alpina strains than for M. elongata (◁)
[3,4,6]. AA with its four double bonds results in a high peak inten-
sity for the double bond associated peaks and hence a low peak
intensity ratio.

In Fig. 3B the peak intensities at different x positions are shown. At
each position, five spectra were measured and a mean and standard
deviation were calculated. For each species the mean values for the
different positions are very similar. The standard deviations vary
slightly, but no trend can be observed. Also the standard deviations
are similar for both species, which indicates that the variations are
not due to the sample but to the method. An overall standard devia-
tion of 0.022 units can be determined from these measurements
irrespective of the fungal species or the mean peak intensity ratio.

50μm

M. alpina M. elongata

Fig. 1. Images of oil vesicles. The microscopic images of hyphae show different sizes
and forms of oil vesicles in both, M. alpina (left) and M. elongata (right). Vesicles are
indicated by arrows, but the indication is not exhaustive.
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On the other hand, the examination of variations in z position in
Fig. 3C shows, that the mean values for each species are more hetero-
geneous between different z positions while the standard deviation
per z position is much smaller than per x position. For M. elongata this
may be due to the fact, that only four spectra per z position were
recorded. But for M. alpina five spectra per z position were used,

which is the same number used in the calculations for different x posi-
tions, and here the differences in mean and standard deviation are
even more pronounced. These variations cannot be attributed to spec-
tral information from other (biological) structures, sincemeasurements
in similar focal planes do not always result in similar values. For exam-
ple inM. alpina the twomean values obtained in central focus positions
show the lowest and highest mean value of all the measurements.

Hence the focal plane has distinct impact on the measurement re-
sults while the lateral position is of negligible importance. Since the
oil composition within the measured vesicles is assumed to be con-
stant during the measurement time, the standard deviation of
0.022 units appears to be inherent in the method. Therefore, for fur-
ther data interpretation differences in the results that are smaller
than two times this standard deviation, which accounts for 95% of
the data, are considered to not reflect differences in the actual degree
of unsaturation.

3.2. Variance within a single hypha

With the reproducibility of our method being determined we can
now evaluate the oil composition at different positions within a
hypha. For this purpose we measured numerous oil vesicles inside
single hyphae of various lengths with the tip being the zero position
for the spatial measurements.

For two exemplary hyphae per species the peak intensity ratios at
different distances from the hyphal tip are depicted in Fig. 4. Again
the different oil composition in both species is reflected by different
peak intensity ratios with M. alpina showing the higher degree of
unsaturation in the oils. However, when comparing the values for
the two hyphae of each species, which were grown under different
conditions, further differences in the peak intensity ratios are ob-
served. The two samples of M. elongata were grown on the same me-
dium and at the same temperature, but the sample depicted by
squares is five days older than the one depicted by diamonds. The
older sample shows a lower peak intensity ratio translating into a
higher degree of unsaturation. This is in accordance with other re-
searchers' findings that report increasing degree of unsaturation for
the oils and increasing amounts of AA with increasing age of the cul-
tures [6,10]. ForM. alpina the two samples differ in the age of the cul-
ture as well as in the medium composition. While the sample with
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Fig. 3. Repeated measurements of single oil vesicles. Panel A shows the schematic fig-
ure of an oil vesicle inside a hypha. The vesicles were measured repeatedly at up to five
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values are depicted with the single standard deviation.
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the lower peak intensity ratio, shown as circles in Fig. 4, grew on GYA
for 5 days, the one depicted by triangles was grown on MEA for
7 days. Therefore, the nutrient composition in the medium appears
to have a larger impact on the oil composition than the length of
growth time. For fungi of the genusMucor Sajbidor et al. found higher
amounts of unsaturated fatty acids, especially γ-linolenic acid, upon
growth on glycerol when compared to glucose [50], which is in accor-
dance with our findings. However, for Mortierella Hou et al. found no
consistent effect of the carbon source on the lipid composition [6].
Their strain of M. alpina produced more highly unsaturated fatty
acids when grown on glucose. Yet since it is known, that for different
strains of M. alpina the lipid composition is very variable [4,5,10] we
assume that our strain is more productive when grown with glycerin
as carbon source. These data show that we can detect the influence of
growth conditions with Raman measurements and the results are in
concordance with previously reported findings.

Another interesting observation from these measurements is that
the degree of unsaturation seems to vary depending on the position
within the hypha. In oil vesicles at the tip lower peak intensity ratios
are observed, which increase over a length of approximately 600 μm.
After this distance a plateau seems to be reached as it can be seen
clearly for the long hyphae of M. elongata (■ and ♦) in Fig. 4. Within
the accuracy of our method those oil vesicles further away from the
tip show identical peak intensity ratios over a length of 4200 μm,
leading to the conclusion that the oil composition is identical in all
older parts of a hypha.

For the long hypha of M. elongata depicted with squares in Fig. 4
no significant slope in the peak intensity ratios is observed because
the hypha could not be followed until its tip. However, even for
this filament a slight decrease is visible towards the youngest part
of the hypha indicating the vicinity of its tip. A figure showing the
whole hypha, where this slope can be seen more clearly, is depicted
in Fig. S1.

Furthermore, not only the composition but also the occurrence of
vesicles at the hyphal tip seems to be variable. While for some hyphae
and branches (Fig. 4, triangles and Fig. S1) numerous oil vesicles were
found at or close to the tip, for others (Fig. 4, diamonds and circles) no
vesicles at all were observed in the youngest hyphal parts. Again in
older parts of the hyphae these variations seem to even out.

The heterogeneous composition of oil vesicles in the young parts
of the hyphae and the presence of oil vesicles at their very tip both
question the sole role of the vesicles as energy source. In our

experiments either the lipids or their precursors have to be produced
in old parts of the mycelium and need to be subsequently transported
into the (measured) younger hyphae, since their direct uptake of nu-
trients is prevented by the fused silica slide.

Transportation of large amounts of lipids over long distances of
several micrometres is possible but requires a lot of energy during
the process. The heterogeneous composition in the youngest 600 μm
of the hyphae may then be due to altered biochemical activity in the
hyphal tip region. This region is known to be metabolically highly
active since it is the key area of growth [51,52]. The delivered lipids
can serve as energy source aswell as carbon sourcewith fatty acids se-
lectively being incorporated into the growing membrane [53], thus
explaining the variations in the vesicle composition as well as the fre-
quency of their appearance. However, this mechanism would require
a similar distribution pattern of the lipid vesicles in the hyphal tips
of different samples, which is in contrast to our observations.

Transportation of the precursors and a production of the lipids at
the site of storage may explain some of the compositional differences
as well. It is known that lipid vesicles undergo a maturing process
[54]. On the other hand, the production of lipid vesicles at hyphal
tips seems unlikely since the high demand of energy and carbon
sources for the growth process should prevent their conversion into
storage materials.

Both cases (storage lipids at the very tip or tips void of lipid vesicles)
are observed and cannot be explained consistently by the currently sup-
posed function of the lipids. This contradiction indicates another func-
tion of the lipid vesicles for the fungus that has not been detected so
far. Further research is necessary to unravel this point.

The hypha depicted by squares in Fig. 4 is the longest that was in-
vestigated. It also shows the most different morphological features.
Therefore we chose it as exemplary hypha for more detailed morpho-
logical examinations.

Hotspots of hyphal growth are along the hyphal tip and the hyphal
branching points [52]. Therefore, we examined the influence of
branching on the oil composition. Fig. 5A shows the merged bright
field images of a section from the long hypha of M. elongata (squares
in Fig. 4) with numerous side branches varying in length between 50
and 270 μm. The measured positions are marked by the coloured
dots. In Fig. 5B the respective peak intensity ratios are plotted against
the measurement position. The stars represent the data from the
longmain hypha. For all measurement positions therein the peak inten-
sity ratios show similar values. For clarification the confidence interval
(±2⋅standard deviation of the method) for the main hypha in this sec-
tion is depicted by the purple lines. Since this section is the youngest of
the hypha, the slightly decreasing peak intensity ratios result in a
lowered confidence interval compared to the older part of the main
hypha. Measurements of oil vesicles that are situated directly at the
branching points are depicted in black in Fig. 5. They show no altered
degree of unsaturation when compared to the main hypha. Therefore,
the alteration of the oil composition most likely does not correlate
with the growth velocity or hyphal branching.

A closer inspection of the numerous side branches shows that for
short ones like those marked with pale green and pink dots in Fig. 5A
the oil composition in the branches is the same as in the main hypha.
However, longer side branches like the ones marked orange or blue
show a slightly different behaviour. Although the peak intensity ratios
lie within the confidence interval calculated for the main hypha, a
downward slope towards the tip, i.e. towards lowermicrometre values,
can be observed for these longer branches. The magnitude of this slope
most probably remains too small to be detected properly with our
method because the branches are too short yet. For longer side branches
like theywere observed in the hypha ofM. alpina illustrated by circles in
Fig. 4, it becomes visible again. The branches show an upward slope
from the tip of the hyphae to the older parts. Similar to the other hyphae
where this slope was observed, it ends at a distance of approximately
600 μm from the tip (see also Fig. 4 and Fig. S2). After this distance

Fig. 4. Variation within hyphae. The peak intensity ratios for four different hyphae are
shown with the hyphal tip being the zero position for distance measurements. All sam-
ples were grown under different conditions. M. alpina grew on GYA at 25 °C for 5 days
(●) or onMEA at 25 °C for 7 days (▲) andM. elongatawas grown onMEA at 18 °C for 5
(♦) or 10 days (■).
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the peak intensity ratios in both branches are identical and correspond
to the value for the old mycelium in this sample. The magnitude of the
drift is not as large as for some of the other hyphae shown in Fig. 4, but
this may be due to the high degree of unsaturation in this particular
sample.

From these results we conclude that within one hyphal filament
the oil composition is homogeneous in older hyphal parts. In the
young zone at the tip a decreased peak intensity ratio is found indi-
cating lipids with a higher degree of unsaturation. This zone has a
length of approximately 600 μm. Hyphal parts that are further away
from the tip can be considered old and all show the same degree of
unsaturation within one hypha. The alteration in the oil composition
seems to be reserved for the apical positions in the hypha and cannot
be found for branching points. For occurring side branches neither
their length nor their frequency show any effect on the peak intensity
ratio in the main hypha. No changes are detected in side branches
shorter than 100 μm either. For longer side branches a downward
slope of the peak intensity ratios occurs towards the tip. An illustra-
tion for each of the species with the microscopic image of a long,
branched hypha and the respective peak intensity ratios can be
found in the supplementary information in Figs. S1 for M. elongata
and S2 for M. alpina.

Furthermore, an anastomosis (fusion between branches of two
independent hyphae) was present in the long hypha of M. elongata
we investigated (squares in Fig. 4) and was hence subjected to

measurement. The merged bright field image is shown in Fig. 6A.
The measurement spots are marked with red dots for the original
hypha, blue ones for the independent hypha and green for the
connecting branch. The respective peak intensity ratios are depicted
in Fig. 6B. Again for the main hypha no variations in the peak intensity
ratios are observed and the vesicles in the connecting branch show
the same degree of unsaturation as the main hypha. Interestingly
for the oil vesicles in the independent hypha (blue circles in Fig. 6)
the peak intensity ratios are identical to the values of the original
hypha. This indicates that within one sample no variation in the oil
composition in old parts of different hyphae can be observed.

3.3. Variance between different individual hyphae

To verify this hypha-to-hypha homogeneity we measured multi-
ple oil vesicles in several hyphae from the same sample. The peak in-
tensity ratios determined from those measurements are depicted in
Fig. 7. Again differences in the occurrence and frequency of oil vesi-
cles inside the hyphae are found. While for M. alpina oil vesicles
were found directly at the tip, for M. elongata the hyphal tip was
void of vesicles over varying lengths. Irrespective of the appearance
position of lipid droplets in the hyphae, as expected they show a
high variability in the youngest 600 μm partition of the hyphae, the
values being scattered over a large range. However, after the length
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of 600 μm all hyphae of one species converge to the same peak inten-
sity ratio indicating the same oil composition therein.

4. Conclusion and outlook

The application of micro-Raman spectroscopy to vesicles inside in-
tact hyphae from the oleaginous fungi of the genus Mortierella pro-
vides evidence that these vesicles are predominantly composed of

oil. By calculating the intensity ratio for the two Raman peaks at
1260 and 1300 cm−1 we can determine the degree of unsaturation
of the oil. We ascertained a standard deviation inherent to our meth-
od of 0.022 units for the peak intensity ratio. Investigations on the oil
vesicles inside intact hyphae of the species M. alpina and M. elongata
show distinct differences in the degree of unsaturation for both spe-
cies. Even the impact of growth conditions can be monitored from
the micro-Raman spectra. This provides the opportunity to monitor
the lipid production in vivo and to investigate the influence of cultiva-
tion parameters on the oil composition directly in the growing hy-
phae without the need for extensive analytical investigations.

Within the accuracy of our method we found the oil composition
to be homogeneous within one as well as between different individ-
ual hyphae of one fungal sample irrespective of morphological struc-
tures like hyphal branches or anastomoses. Only at the youngest
600 μm of hyphae the oil composition becomes highly variable and
often changes in favour of highly unsaturated components.

Since the overall contribution of the hyphal tips to the whole my-
celium is assumed to be very small, measurements of oil vesicles at
random positions in the air mycelium of a fungal sample would be
representative for the oil composition of the whole fungus. This
would enable the rapid and easy evaluation of the oil composition
with micro-Raman measurements. The effect of variations in the
growth conditions on the degree of unsaturation can be evaluated
without further knowledge by directly comparing the obtained peak
intensity values. Furthermore, quantitative determination of the de-
gree of unsaturation of the oil can be performed. This will facilitate
the investigation of oil producing fungi such as Mortierella and also
promote their application to produce highly unsaturated lipids on
an industrial scale. The micro-Raman spectroscopic approach there-
fore is capable of high-throughput prescreening of fungal cultures
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Fig. 6. Investigation of an anastomosis. Panel A shows the merged bright field image of a side branch of the hypha under investigation fusing with an independent hypha (bottom)
forming an anastomosis. Measurement positions are marked red for the main hypha, green for the connecting branch and blue for the independent hypha. In panel B the peak in-
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Fig. 7. Variations within one sample. For each species four hyphae were measured from
the same sample. The open symbols correspond to hyphae of M. alpina and the solid
symbols to hyphae of M. elongata respectively. The position of the hyphal tip is set to
0 μm. The sample of M. alpina was grown on MEA at 25 °C for 7 days and the sample
of M. elongata grew on MEA at 18 °C for 5 days.

347U. Münchberg et al. / Biochimica et Biophysica Acta 1831 (2013) 341–349

���� ��������� �	�
��	� ��
�� �������� 
� ������ ������ ��



for their oil production potential and subsequent determination of oil
composition.

Funding sources

This work has been funded by the DFG in the graduate school Jena
School for Microbial Communication (JSMC) and the TMBWK for the
excellence initiative MikroPlex (PE113-1). E.T.S. was funded by the
DFG via a Rückkehrstipendium.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbalip.2012.09.015.

References

[1] S.D. Dyal, S.S. Narine, Implications for the use of Mortierella fungi in the industrial
production of essential fatty acids, Food Res. Int. 38 (2005) 445–467.

[2] M. Certik, S. Shimizu, Biosynthesis and regulation of microbial polyunsaturated
fatty acid production, J. Biosci. Bioeng. 87 (1999) 1–14.

[3] S. Shimizu, Y. Shinmen, H. Kawashima, K. Akimoto, H. Yamada, Fungal mycelia as
a novel source of eicosapentaenoic acid: activation of enzyme(s) involved in
eicosapentaenoic acid production at low temperature, Biochem. Biophys. Res.
Commun. 150 (1988) 335–341.

[4] H.-D. Jang, Y.-Y. Lin, S.-S. Yang, Effect of culture media and conditions on polyun-
saturated fatty acids production by Mortierella alpina, Bioresour. Technol. 96
(2005) 1633–1644.

[5] E. Dedyukhina, T. Chistyakova, M. Vainshtein, Biosynthesis of arachidonic acid by
micromycetes (review), Appl. Biochem. Microbiol. 47 (2011) 109–117.

[6] C. Hou, Production of arachidonic acid and dihomo-γ-linolenic acid from glycerol
by oil-producing filamentous fungi, Mortierella in the ARS culture collection,
J. Ind. Microbiol. Biotechnol. 35 (2008) 501–506.

[7] H.-D. Jang, Y.-Y. Lin, S.-S. Yang, Polyunsaturated fatty acid production with
Mortierella alpina by solid substrate fermentation, Bot. Bull. Acad. Sin. 41 (2000)
41–48.

[8] C. Peng, H. Huang, X. Ji, X. Liu, J. You, J. Lu, L. Cong, X. Xu, P. Ouyang, A
temperature-shift strategy for efficient arachidonic acid fermentation by
Mortierella alpina in batch culture, Biochem. Eng. J. 53 (2010) 92–96.

[9] J. Lu, C. Peng, X.-J. Ji, J. You, L. Cong, P. Ouyang, H. Huang, Fermentation character-
istics of Mortierella alpina in response to different nitrogen sources, Appl.
Biochem. Biotechnol. 164 (2011) 979–990.

[10] S.-Y. Ho, Y. Jiang, F. Chen, Polyunsaturated fatty acids (PUFAs) content of the
fungus Mortierella alpina isolated from soil, J. Agric. Food Chem. 55 (2007)
3960–3966.

[11] A. Botha, I. Paul, C. Roux, J.L.F. Kock, D.J. Coetzee, T. Strauss, C. Maree, An isolation pro-
cedure for arachidonic acid producingMortierella species, Antonie Van Leeuwenhoek
75 (1999) 253–256.

[12] S. Reitzenstein, P. Rösch, M.A. Strehle, D. Berg, M. Baranska, H. Schulz, E. Rudloff, J.
Popp, Nondestructive analysis of single rapeseeds by means of Raman spectrosco-
py, J. Raman Spectrosc. 38 (2007) 301–308.

[13] E. Urlaub, J. Popp, W. Kiefer, G. Bringmann, D. Koppler, H. Schneider, U.
Zimmermann, B. Schrader, FT-Raman investigation of alkaloids in the liana
Ancistrocladus heyneanus, Biospectroscopy 4 (1998) 113–120.

[14] H. Schulz, M. Baranska, Identification and quantification of valuable plant sub-
stances by IR and Raman spectroscopy, Vib. Spectrosc. 43 (2007) 13–25.

[15] Y.-K. Min, T. Yamamoto, E. Kohda, T. Ito, H.-O. Hamaguchi, 1064 nm near-infrared
multichannel Raman spectroscopy of fresh human lung tissues, J. Raman
Spectrosc. 36 (2005) 73–76.

[16] X. Qian, X.-H. Peng, D.O. Ansari, Q. Yin-Goen, G.Z. Chen, D.M. Shin, L. Yang, A.N.
Young, M.D. Wang, S. Nie, In vivo tumor targeting and spectroscopic detection
with surface-enhanced Raman nanoparticle tags, Nat. Biotechnol. 26 (2008)
83–90.

[17] C. Zavaleta, A. de la Zerda, Z. Liu, S. Keren, Z. Cheng, M. Schipper, X. Chen, H. Dai,
S.S. Gambhir, Noninvasive Raman spectroscopy in living mice for evaluation of
tumor targeting with carbon nanotubes, Nano Lett. 8 (2008) 2800–2805.

[18] M.V. Yigit, L. Zhu, M.A. Ifediba, Y. Zhang, K. Carr, A. Moore, Z. Medarova, Noninvasive
MRI–SERS imaging in livingmice using an innately bimodal nanomaterial, ACS Nano
5 (2011) 1056–1066.

[19] R. Liu, J.-f. Liu, X.-x. Zhou, G.-b. Jiang, R. Liu, Applications of Raman-based tech-
niques to on-site and in-vivo analysis, TrAC 30 (2011) 1462–1476.

[20] C. Matthäus, S. Boydston-White, M. Miljkovic, M. Romeo, M. Diem, Raman and in-
frared microspectral imaging of mitotic cells, Appl. Spectrosc. 60 (2006) 1–8.

[21] M. Harz, M. Kiehntopf, S. Stöckel, P. Rösch, T. Deufel, J. Popp, Analysis of single
blood cells for CSF diagnostics via a combination of fluorescence staining and
micro-Raman spectroscopy, Analyst 133 (2008) 1416–1423.

[22] M. Harz, P. Rösch, J. Popp, Vibrational spectroscopy— a powerful tool for the rapid
identification of microbial cells at the single-cell level, Cytometry A 75A (2009)
104–113.

[23] P.C.A.M. Buijtels, H.F.M. Willemse-Erix, P.L.C. Petit, H.P. Endtz, G.J. Puppels, H.A.
Verbrugh, A. van Belkum, D. van Soolingen, K. Maquelin, Rapid Identification of
mycobacteria by Raman spectroscopy, J. Clin. Microbiol. 46 (2008) 961–965.

[24] T.J. Moritz, D.S. Taylor, C.R. Polage, D.M. Krol, S.M. Lane, J.W. Chan, Effect of
cefazolin treatment on the nonresonant Raman signatures of the metabolic
state of individual Escherichia coli cells, Anal. Chem. 82 (2010) 2703–2710.

[25] T.J. Moritz, C.R. Polage, D.S. Taylor, D.M. Krol, S.M. Lane, J.W. Chan, Evaluation of
Escherichia coli cell response to antibiotic treatment using laser tweezers Raman
spectroscopy, J. Clin. Microbiol. 48 (2010) 4287–4290.

[26] M. Krause, B. Radt, P. Rösch, J. Popp, The investigation of single bacteria by means
of fluorescence staining and Raman spectroscopy, J. Raman Spectrosc. 38 (2007)
369–372.

[27] P. Rösch, M. Harz, K.-D. Peschke, O. Ronneberger, H. Burkhardt, J. Popp, Identifica-
tion of single eukaryotic cells with micro-Raman spectroscopy, Biopolymers 82
(2006) 312–316.

[28] S. Stöckel, S. Meisel, M. Elschner, P. Rösch, J. Popp, Raman spectroscopic detection
of anthrax endospores in powder samples, Angew. Chem. Int. Ed. 51 (2012)
5339–5342.

[29] M. Baranska, H. Schulz, S. Reitzenstein, U. Uhlemann, M.A. Strehle, H. Krüger, R.
Quilitzsch, W. Foley, J. Popp, Vibrational spectroscopic studies to acquire a quality
control method of eucalyptus essential oils, Biopolymers 78 (2005) 237–248.

[30] K.R. Strehle, P. Rösch, D. Berg, H. Schulz, J. Popp, Quality control of commercially
available essential oils by means of Raman spectroscopy, J. Agric. Food Chem. 54
(2006) 7020–7026.

[31] P. Rösch, H. Schneider, U. Zimmermann, W. Kiefer, J. Popp, In situ Raman investi-
gation of single lipid droplets in the water-conducting xylem of four woody plant
species, Biopolymers 74 (2004) 151–156.

[32] H. Najbjerg, N.K. Afseth, J.F. Young, H.C. Bertram, M.E. Pedersen, S. Grimmer, G.
Vogt, A. Kohler, Monitoring cellular responses upon fatty acid exposure by
Fourier transform infrared spectroscopy and Raman spectroscopy, Analyst 136
(2011) 1649–1658.

[33] H. Sadeghi-Jorabchi, R.H. Wilson, P.S. Belton, J.D. Edwards-Webb, D.T. Coxon,
Quantitative analysis of oils and fats by Fourier transform Raman spectroscopy,
Spectrochim. Acta A 47 (1991) 1449–1458.

[34] G. Bailey, R. Horvat, Raman spectroscopic analysis of the cis/trans isomer compo-
sition of edible vegetable oils, J. Am. Oil Chem. Soc. 49 (1972) 494–498.

[35] B. Muik, B. Lendl, A. Molina-Díaz, M.J. Ayora-Canada, Direct monitoring of lipid
oxidation in edible oils by Fourier transform Raman spectroscopy, Chem. Phys.
Lipids 134 (2005) 173–182.

[36] M. Butler, N. Salem Jr., W. Hoss, J. Spoonhower, Raman spectral analysis of the
1300 cm−1 region for lipid and membrane studies, Chem. Phys. Lipids 24
(1979) 99–102.

[37] H. Wu, J.V. Volponi, A.E. Oliver, A.N. Parikh, B.A. Simmons, S. Singh, In vivo
lipidomics using single-cell Raman spectroscopy, Proc. Natl. Acad. Sci. U. S. A.
108 (2011) 3809–3814.

[38] K. Laoteng, M. Certik, S. Cheevadhanark, Mechanisms controlling lipid accumula-
tion and polyunsaturated fatty acid synthesis in oleaginous fungi, Chem. Pap. 65
(2011) 97–103.

[39] Y. Shinmen, S. Shimizu, K. Akimoto, H. Kawashima, H. Yamada, Production of
arachidonic acid by Mortierella fungi, Appl. Microbiol. Biotechnol. 31 (1989)
11–16.

[40] M. Baranska, H. Schulz, P. Rösch, M.A. Strehle, J. Popp, Identification of secondary
metabolites in medicinal and spice plants by NIR-FT-Raman microspectroscopic
mapping, Analyst 129 (2004) 926–930.

[41] M. Giarola, B. Rossi, E. Mosconi, M. Fontanella, P. Marzola, I. Scambi, A. Sbarbati, G.
Mariotto, Fast and minimally invasive determination of the unsaturation index of
white fat depots by micro-Raman spectroscopy, Lipids 46 (2011) 659–667.

[42] T. Petkovits, L. Nagy, K. Hoffmann, L. Wagner, I. Nyilasi, T. Griebel, D.
Schnabelrauch, H. Vogel, K. Voigt, C. Vágvölgyi, T. Papp, Data partitions, Bayesian
analysis and phylogeny of the zygomycetous fungal family Mortierellaceae, in-
ferred from nuclear ribosomal DNA sequences, PLoS One 6 (2011) e27507.

[43] K. Maquelin, C. Kirschner, L.P. Choo-Smith, N.A. Ngo-Thi, T. van Vreeswijk, M.
Stammler, H.P. Endtz, H.A. Bruining, D. Naumann, G.J. Puppels, Prospective
study of the performance of vibrational spectroscopies for rapid identification
of bacterial and fungal pathogens recovered from blood cultures, J. Clin.
Microbiol. 41 (2003) 324–329.

[44] T.C. Bakker Schut, M.J.H. Witjes, H.J.C.M. Sterenborg, O.C. Speelman, J.L.N.
Roodenburg, E.T. Marple, H.A. Bruining, G.J. Puppels, In vivo detection of dysplas-
tic tissue by Raman spectroscopy, Anal. Chem. 72 (2000) 6010–6018.

[45] M. Kirsch, G. Schackert, R. Salzer, C. Krafft, Raman spectroscopic imaging for in
vivo detection of cerebral brain metastases, Anal. Bioanal. Chem. 398 (2010)
1707–1713.

[46] C. Krafft, D. Codrich, G. Pelizzo, V. Sergo, Raman and FTIR microscopic imaging of
colon tissue: a comparative study, J. Biophotonics 1 (2008) 154–169.

[47] P. Rockenfeller, J. Ring, V. Muschett, A. Beranek, S. Büttner, D. Carmona-Gutierrez,
T. Eisenberg, C. Khoury, G. Rechberger, S.D. Kohlwein, G. Kroemer, F. Madeo, Fatty
acids trigger mitochondrion-dependent necrosis, Cell Cycle 9 (2010) 2836–2842.

[48] V.A. van Beelen, J. Roeleveld, H. Mooibroek, L. Sijtsma, R.J. Bino, D. Bosch, I.M.C.M.
Rietjens, G.M. Alink, A comparative study on the effect of algal and fish oil on vi-
ability and cell proliferation of Caco-2 cells, Food Chem. Toxicol. 45 (2007)
716–724.

[49] J. De Gelder, K. De Gussem, P. Vandenabeele, L. Moens, Reference database of
Raman spectra of biological molecules, J. Raman Spectrosc. 38 (2007) 1133–1147.

[50] J. Sajbidor, M. Certík, S. Dobroňová, Influence of different carbon sources on
growth, lipid content and fatty acid composition in four strains belonging to
mucorales, Biotechnol. Lett. 10 (1988) 347–350.

348 U. Münchberg et al. / Biochimica et Biophysica Acta 1831 (2013) 341–349

���� ��������� �	�
��	� ��
�� �������� 
� ������ ������ ��



[51] P.M. Kirk, P.F. Cannon, D.W. Minter, J.A. Stalpers, Ainsworth & Bisby's Dictionary of
the Fungi, 10th Edition Cab Intl, 2008.

[52] A. Walter, S. Erdmann, T. Bocklitz, E.-M. Jung, N. Vogler, D. Akimov, B. Dietzek, P.
Rösch, E. Kothe, J. Popp, Analysis of the cytochrome distribution via linear and
nonlinear Raman spectroscopy, Analyst 135 (2010) 908–917.

[53] T.C. Walther, R.V. Farese Jr., The life of lipid droplets, BBA — Mol. Cell Biol. Lipids
1791 (2009) 459–466.

[54] Y. Kamisaka, N. Noda, T. Sakai, K. Kawasaki, Lipid bodies and lipid body formation
in an oleaginous fungus, Mortierella ramanniana var. angulispora, BBA — Mol. Cell
Biol. Lipids 1438 (1999) 185–198.

349U. Münchberg et al. / Biochimica et Biophysica Acta 1831 (2013) 341–349

���� ��������� �	�
��	� ��
�� �������� 
� ������ ������ ��



�

�

�

���������	
��
����	�����������
�	
�	���	


��	�
��
����
�	��	������	������	

������	
�	����������		����	����	

���

������	�����

��
��	

�
�


������������������������������� ��!"�#$��%������&�������'(������

)�����*+�����,������)($$�

� �

���� ��������� �	�
��	� ��
�� �������� 
� ������ ������ ��



�������

�������	
�-�����.����(/� ����.�0(��*�.������1�� /(�� ����2����%����1� ���� %�$�1� �$���������(�1���� �(�

%������3��"�

�����
��������
����	��


������������������
�����������������	��

�
�����������

�	��� �	��4�	���5�6�
�	���5�6�
�	���5�6�
�	�
�5�6�

ν789:;�
89:������������2������(��(/��������(�1��

����� �����5�6�
����4���	�5�6�

�����5�6�
�����5�6�
�����5�6�

ν7898;����
#����������(/���(%���1�898�1(3�%���(�1��

���	� ����4�����5�6�
����4�����5�6�

�����5�6�
�����5�6�

γ7−8<�;�

#����(�����1�/(�.���(��2������(��(/�−8<����(3$��

����� �����5�6�
�����5�6�
�����5�6�
�����5�6�
�����5�6�

τ7−8<�;�

�=�������1�/(�.���(��(/�−8<����(3$��

����� �����5�6�
�����5�6�
�����5�6�

����4���	�5�6�
���	�5�6�

γ798<;�
���$%����1�/(�.���(��(/�3��(�03����1�����98<���(3$��

�

� �

���� ��������� �	�
��	� ��
�� �������� 
� ������ ������ ��



	
��
���

�	�	
�

� ��� ���� ����

����

����

����

����

����

����

����

	

��

��
�

��
���

��

���

��
��
�

��

�

���

�
�
�

�������

�
��

	�����

�	

�	

�

�

�

�

� �

���� ��������� �	�
��	� ��
�� �������� 
� ������ ������ ���



�	� 
�

	�����

� 

���� ���� ����  ���

����

����

����

����

����

����

����

	

��

��
�

��
���

��

���

��
��
�

��

�

���

�
�
�

�������

�
��

� 

�

�

�

�

� �

���� ��������� �	�
��	� ��
�� �������� 
� ������ ������ ���



�	�!
�

 ��� !��� !���

����

����

����

����

����

����

����

	

��

��
�

��
���

��

���

��
��
�

��

�
�
��
�
�
�

�������

�
��

	������!

�!

�

"��#��� �	$� >�� $���%� -�4-�� ���� .����1� ������� /��%1� �.����� (/� �� �(.$%���� �������1� ��$��� (/����

�	
��
�
�������(=�"�����3��.����$(����(�������.�� �1���������(%(3��1�1(��"�?���3���(/�������@��(/�

������$��������.��������$%������(�������$����"�!������(=����1������=�����������$����(����3����������

��A��$���%"�>��$���%�-��(������%�/����1�����(��%(.������(/�.3%��$%����$���������������"�-�������$(����

������2��������1���$����(3%1��(�����1����.���1�3��.���3(3�%�����.(�����1�=����(��/(%%(=�1�����

/3�����"�)���%�?�4����(=������(����$(�1����$�� ���������������(��(/��������$����2��$����(/�������$���

��� ���� ��.�� �(%(3��"� B(�� ������� 2��3�%�@���(�� ���� �(�/�1����� �����2�%� 7 � ����1��1� 1�2����(�� (/� ����

.���(1;�/(������2�%3�����(2������C.����1�$����1��������$3�$%��%����"�!�����.$%��=�����(=��(����-�

����
D8�/(�����1���"�

� �

���� ��������� �	�
��	� ��
�� �������� 
� ������ ������ ���



	�����

�

� ��� ���  �� !�� ��� "�� ��� ��� ��� ����
����

����

����

����

�� �

�� �

��!�

��!�

����

����

	

��

��
�

��
���

��

���

��
��
�

��

�
�
��
�
�
�

�������

�
��

�

"��#���� $� >��$���%�-� ����.����1�������� /��%1� �.����(/����(.$%�����������1���$���(/����
	���
� ���
��(=�"�����3��.����$(����(�������.�� �1���������(%(3��1�1(��"�:��������������1���� �(��(/���2���%�
��$���������������"�-�� �����$(���� ���� ��2��������1���$����(3%1��(�����1����.���1�3��.���3(3�%��
���.(�����1�=����(��/(%%(=�1�����/3�����"�)���%�?���(=�������(����$(�1����$�� ���������������(�����

���� ��.�� �(%(3��"� B(�� ������� 2��3�%�@���(�� ���� �(�/�1����� �����2�%� 7 � ����1��1� 1�2����(�� (/� ����
.���(1;�/(������2�%3�����(2������C.����1�$����1��������$3�$%��%����"�!�����.$%��=�����(=��(��EF-�
�����D8�/(����1���"	

���� ��������� �	�
��	� ��
�� �������� 
� ������ ������ ���



����
������

5�6�<"�#�1����4,(��������*"<"���%�(���)"#"�?�%�(���,"G"��1=��1�4������G"!"�8(A(���H3��������2��

���%�����(/�(�%����1�/�������B(3����������/(�.�*�.����$����(��($���#$����(���."�-����-���	�7����;�

����4���
"�

5�6�)"�*+�����<"�#�����1����
"�I�..��.������"�&��/����,"�)($$��>�����3�*�.�����2��������(��(/�����%��

%�$�1�1�($%�����������=����4�(�13������A�%�.�(/�/(3��=((1��$%�����$�������?�($(%�.�����	��7����;�

���4���"�

5�6�,"�G��E�%1����&"�G��E3���.��)"�'��1������%����"��(�����*�/�������1��������(/�*�.����$������(/�

��(%(����%�.(%��3%����,"�*�.���#$����(��"���
�7���	;�����4���	"�

5�6�#"�*���@���������)"�*+������"-"�#����%���G"�?������"�?����� ���<"�#��3%@���"�*31%(//��,"�)($$��

J(�1����3���2�����%�����(/�����%����$����1�����.�����(/�*�.����$����(��($���,"�*�.���#$����(��"��

�
�7���	;����4��
"�

5�6��"�?3�%����J"�#�%�.�,����"�<(����,"�#$((��(=����*�.����$�����%����%�����(/�����������.4������(��

/(��%�$�1���1�.�.��������31�����8��."�)���"���$�1������7��	�;���4���"�

�

�

���� ��������� �	�
��	� ��
�� �������� 
� ������ ������ ���



���� ������������	� 	� 
���� ��
�������	� �� ����� ���

��� �����	���	
� ������
��� �� ��� ������ �� �	�	� �����
�����	�� 	� 	����� ����������� �� ��
�� 
	��������
�������� ������

������� �� 	
�
� 
�������� �����	��
�� 
� ��� �������	 �����

��������	
���

��� ���
���	� ���������� ��� ��	�
�����
��
����
� 
���� ��	 ����	��
������
!�"
	������� ��	 ��#	��	�
������
$
�
�%���������
!�
 &�� ��� !��'�	���� ��	 �
���
(	���  �� ��� �
���#	�����

)&���� *
���	 � 
���� ��	 ����	��
������
�� ��+��	��� ��	 ��#	��	�
������
,���	-�� ��� �
���#	���

.
	���� $��	�	 !�"
	������� ��	 ��#	��	�
������ "�	 /
�%
�	��
���	
����
��
!�
 &��
��	
�"��	��� ��� !��'�	���� /
�
�	��
���	
����%���������
,���	-�� ��� �
���#	���

��	���� 0���� �������% ��� (	���������#������
$�+����� ��� 1��	
	������� ��� �
���#	����

���	
 $2�
� � 
���� ��	 ����	��
������
�������% ��� (	���������#������
$�+����� ��� 1��	
	������� ��� �
���#	����

/�	�
	� 3
�	��� ����������#������
$�+����� ��� �
���#	����

3�	��� ���� �	�4�#� ������
�������% ��� (	���������#������
$�+����� ��� 1��	
	������� ��� �
���#	����

����� ��� ���
���	� )&���� *
���	
��� �#
�����-5��+
 ���� ��� ����



��
�

�����
���
������������������������
��������

�
�
��������
��
���
��
����������������	������

�������
�
������
���������


������������7���;����������������7���;��8�������*(�����7�;��&�������'(����7���;��)�����*+����7�;����

E�����1�,�������7�;��,������)($$�7���;���

���

7�;�>�����3���(/�)������%�8��.��������1�-����8������(/�)�(�(������B���1�����#���%%���
��2�������,�����	�

<�%.�(%�@=�������		���,�����E��.���"�
�

7�;�,����#��((%�/(������(���%�8(..3������(���B���1�����#���%%���
��2�������,�����E��.���"���

7�;�,��������(���%�*��(3����8(%%����(�"�>�����3���(/�����(��(%(����B���1�����#���%%���
��2�������,��������

J�3�����������		���,�����E��.�������

7�;�������@�>�����3���/(��J��3��%�)�(13���*����������1�>�/����(��?�(%(���−�<���4&�+%%4>�����3����G�$�"����

�(%��3%�����1�-$$%��1�����(��(%(����-1(%/4*����=���4#���K�������		���,�����E��.���"����

7�;�>�����3���(/�J3�����(���B���1�����#���%%���
��2�������,�����G(���3�����#���K�������		���,��������

E��.���"����

7�;�������@�>�����3���(/�)�(�(����!����(%(����-%����4��������4#���K������		���,�����E��.���"����

��	�

�%�����#���������������J(�41����3���2��1����.�����(��(/��(1����2�%3��=����*�.�����
�

����

������
��������#�%��
����

,������)($$����

!�%"L�M����������
��������

B�AL�M����������
��������

�4���%L�,3�����")($$N3��40���"1�����

� ����

���� ������������	� 	� 
���� ��
�������	� �� ����� ���



��
�

����
���	���

B3����(/��������3���
������		
��������3.3%����%������.(3����(/�3�3�3�%�%�$�1��1�$��1����(���$��������	�

���������1���(=����(�1���(��"�B������1������1����.�����(��(/� ���$���.������(/�%�$�1�O3�%����/(���������
�

��.$%��������O3���1"�>��������(�����3��(��=���$$%��*�.���.���(�$����(��($���(�1����.��������1���������

(/�3����3����(��/(��/3���%�%�$�1��1�����%������1�����������$����=���(3���%��(�������.$%�����1%���"�#�A����

�
������		
��$������=������(=��3�1���2��������(�1���(�����1�*�.����$������(/�����%��%�$�1�2����%������

=������O3���1"�B�(.������$�������=����%�3%������$�� ���������������(�>7��	���.4�;P>7������.4�;�/�(.����

���������%��(/�98<���1�−8<�P−8<����(3$������$����2�%�"�!��������(����%�� �1��(������(1����2�%3��7>';����

3������$������(/���/��������(.$(3�1��=���� �(=��>'"�>'��(/�/3���%���.$%��������(.$���1��(��������

���(.��(���$������3%��"�'�%3���/�(.��(���.���(1����������((1����(�1����"���$�1��(.$(����(��������

/(3�1��(�2�������=����������2��������1��$������=�������
	���
���2��������.(���3����3����1�%�$�1�7>'����

3$��(��
�;���1���������
�����%�����3����3����1�7>'����%(=����	�;"����/��1�*�.���.���(�$����(��($���	�

���3����%���((%��(�1����.��������>'���%���%���/������1�����%������1�����������$����=���(3���A�����2���
�

��.$%�����1%����(�������.���"�!���.���(1������%�(���������/����1��(�(�����.���(��($�����.$%��"����

����

��&'����
�(%�����(3��/3���Q��(������%%�%��Q��(������%%(.��(����Q��(������%%�����������Q��(������%%�����

�%(�����Q��(������%%�����%���Q��(������%%��$��2��$(��Q�%�$�1��(1���Q�$(%�3����3����1�/��������1�Q����

������1(�������1�$�(13���(�����

� 	���

���� ������������	� 	� 
���� ��
�������	� �� ����� ���



��
�

���

�����
�	���

>����������������%�$�1��$�(13��1����(%�����(3��.���((������.����(4��%%�1�����%����%%�(�%��7#8:;����2�����

��������1���������������������7�4�;"�>���(��������(�(�%��1���2�1�/�(.�$%�����(�����.�%���=������%=�����	�

�(��������.�A�3���(/����3����1���1�3����3����1�/��������1���#8:�.�������(.$(��1�(/�(�%��2����/�=��
�

1�//������/��������1��7�;"�B3�����.(��������%��3����3����1�%(���������/��������1��7<
B-�;�7������1(�������

���1�����(��$������(������1��γ4%��(%��������1;��������$�(13��1����%������.(3����7�������4
;"�!��������

����������1���(%�����(3��.���((������.����$�(.�������(3����(/�%�$�1��=����3�3�3�%����������������"����

>��$�����3%���/3����(/�����(�1����
������		
	�����1����
�
	�����2����������1��(���1����%�����������������

��13�����%�%�$�1�$�(13����"�!������������%���3%��2���1�����(%�1�(��%�O3�1��3%�3�����1���2���������(=���(����

��(=�(��2���(3��1�//����������(���(3�����7��������;���1��3.��(3��1�//�����������3%�3��%�=��������

$�(13����7�����4��;"����

B3�����.(�����������2���������(=���(���(=�=�%%�(���%����(%������$�(13���(/���(1����%�$�(13���(�����

$�(13����7�����4��;"�!�����%%(=���(��(�2������13�����%���1������3%�3��%�=��������(�2�%3��%��$�(13���"��	�

<(=�2��������%�$�1��(.$(����(�����2����2�����%�����1�//������/3���"�#(.���$������%� �������
��		��
��
�

7�(=�����	
�������
��		��
�7��;;����3.3%����%�$�1��=����.����.(�(4�(��1�3����3����1�/��������1�����

�3����%��/(����(1����%�$�(13���(��7��������	���
;"����

:������$������%� �����
	���
�$�(13���%�$�1����������3�3�3�%�<
B-��%� ��γ4%��(%��������1��������1(�������

���1�(�����(��$������(������1�7���������
����������������;�=����������(3�����/����/(��.�1���%����

�$$%�����(���7�����4��;�(�����1��������3$$%�.������"�"���������/(�.3%��7�������;"�?3���%�(�1�//���������

��������(/�(����$������������2��2����1�//������%�$�1�$�(/�%���7���������;"�B(���A�.$%��������
	���
�����

������1(�������1��(�������������%�$�1������$(���1��(�2�������=�����"��R���1�	
"
�R�7�������������;"����

B3�����.(����/(��(��������������%�$�1��(.$(����(�����������/%3����1����2�������������(=������

$���.�������3�������3%��2���(����.����1���.$����3��������(�����(3����(������(���(3����7�����������	���	�

�
;"��
�

!����/(��������%�$�1�$�(13���(����$���%������(/���=�/3���%���.$%�������1�//��3%���(�$��1������1���2���(����

�������/3%%���2�%3���1"�-���$�1���1������������.����(/�����%�$�1�O3�%����(/��
������		
����������(3%1�	��

/���%�������������%�������1�����������$�(������"�#��������.(���������(��� ���$���.�������������(1����	��

2�%3��7>';������1����.�����(��(/�����%�$�1�S�1������(/�3����3����(��=(3%1�$�(2�1�����((1�%��1"�	��

-�1�������/������1��(�41����3���2��.���(1��(�1����.��������1������(/�3����3����(�����%�$�1���.$%������	��

*�.����$����(��($�"�>��2���(3����31��������1������(/�3����3����(�����������1����.���1�/(����2����	��

1�2���������(/���.$%��"�)3���%�$�1���������/(�.�(/��1��%��(�%��7��4��;�(��(�%����1��7��;���2�������	��

��2��������1����=�%%�����(.$%�A�.��������%� ��.�% �7��;��$(� �7��;�(��/����7������;"�<(=�2�������������	��

���� ������������	� 	� 
���� ��
�������	� �� ����� ���



��
�

�A$���.�����������.$%���=�����(.(����(3��(���$����%����(%3��(��=���%(="�#�.� �����%"��3�����/3%%��		�

�$$%��1�*�.����$����(��($���(�1����.��������>'�(/�#8:����.���(�%����7��������	;���3�������	
�

�.��11�1���������.$%����������%�.����A"�	��

>������$��������(�����3��(��=��3���*�.����$����(��($��1�����%��(��%�2��������������$����(/�
��

�
������		
�/3�����(�1����.��������>'�(/�������%�$�1�"�B(��������.���3��.�����������.$%���1(��(��
��

���1��(����$��$�(�����1���(.(����@�1��/�A�1�(���A������1��������=�����3������%��%�$�1�2����%�������
��

��2��������1�1�����%�"�>��$��2�(3��=(� �=���%���1��$�(2�1�����/������%�����(�1�����%��.���3���*�.���
��

�$������(/�%�$�1�2����%�������1���������.���%���7�
;"�!����.���(1�=(3%1��%%(=��(�O3����/������>'����
��

(%�����(3��.���((������.��1�����%��=���(3���%��(�������.$%�����1%�����=����������%����13��������
��

��.$%�����1%������1���O3���1���.$%���.(3��"�>���%�(�����%���/������1�������$����%%�����(%2�1�
��

O3����/�����(��(/�%�$�1�3����3����(���=�����������%$�������%�@����%�$�1��(1��.����(%��.����.(���1����%"�
	�

���� ������������	� 	� 
���� ��
�������	� �� ����� ���



��
�

����
����	���	����
��	

�

���������	
��

*�/��������(.$(3�1��=����2�������������%���������1��3.�����(/�1(3�%���(�1��/(��*�.������

�$����(��($���.���3��.�����=����(������1�/�(.�#��.����%%�(/���$3�����(/����%�������R"�-����

�(.$�������2��%����(/������(.$(3�1����1�������$�($������������2���������%���"����

B(���$����(��($���.���3��.�����1�($%����(/��−��C��=�����$(���1�(��(�/3��1���%�����%�1��"����

8(.$(3�1������������(%�1�����((.���.$����3���=����.�%��1�$��(���(�.���3��.����"�B(����������

�(.$(3�1����4���*�.����$������=����(������1�=���������O3�����(����.��(/�����"�-����3��3�������(�#*����

���1����.���1�/(�������(/�������/��������(.$(3�1��3���������/(�.3%��#*�9��798<;P7�7−8<�;�M����

�7−8<�;;"��	�

���������
�	���	������	�
���
���
�	�
�

-%%��
������		
��$������=����(������1�/�(.�����,��������(���%�*��(3����8(%%����(��7,�*8;�%(��%�@�1�������

����������@4>�����3���/(��J��3��%�)�(13���*����������1�>�/����(��?�(%(���,���"�-��(.$�������2������

�3�2���(/������$������3��1�����������31�������2���������%���"�B3����=������(=��(��.�%���A���������������

$%�����7��-���R��%3�(�����R�.�%���A��������"�R�$�$�(���/�(.��(���������R�����;�/(��/�2��1�����������

�
D8�(����D8�(��(���%�������������$%�����7EF-���R��%����(%���R��������A��������R�����;�/(��/�2��1�����������

�
D8"�-��.�%%��.(3���(/����������%�.���%���=������2����1��$%���1����(���1�($%���(/�1��(��@�1�=���������

(���($�(/���/3��1���%�����%�1����1�����/3%%���$���1����(�1����(�����3%���@���3���(�������������1�2�13�%�����

��$���"�!���=�����=�����.(2�1�/�(.������%�1�����/������$(����%����1�������.$%��1���1�����((.�����

��.$����3��"�B(��E8����%�����������.������������%�.���%�3.�=������2����1�/�(.������(%�1��������1���	�

��(��1����4�
D8�3���%�/3������3��"����
�

	�����	�����

��
��	����

!���.���(4*�.����$������=����.���3��1�=������?�()�����%��A$%(����7��$>G��E��.���;�3�����������

/��O3����41(3�%�1�J1LF-E�%�����7�8�4#4���4JJ)���������4�A$(���8("���1"��*3����;�=��������A������(������

=�2�%������(/������."�!���%�����=���/(�3���1�(��(�������.$%����������×�(�0����2��7�)%��B��J�����

���×�"���?G��:%�.$3���E��.���;���1��������1����%�����$(=���(/��$$�(A�.���%�����.��=�������

1�%�2���1��(�������.$%�"�!������ ��������1�%�����=����(%%����1����������.��(�0����2���*��%�����%���������

��.(2�1�����=(��1���/�%�������1�����*�.�����������1�%����������$����1����(3���������%������������

.(�(���(.��(��7<����������%����P..��<(�����,(����F2(���E��.���;"�!����$������=�������(�1�1�����

=������)�%����4�((%�1�88G���.����7G'����-4?'��-�1(�������(%(����J(�������>��%��1;�/�(.��
���.4����	�

�(���		��.4��=�������$�����%����(%3��(��(/��$$�(A�.���%��
��.4�"�J(�A��A�����%������(��=���$��/(�.�1���
�

(������1���"�#$������=�������(�1�1�=������$���3��������.��(/��������1������O3�����(����.��(/�����"�����

���� ������������	� 	� 
���� ��
�������	� �� ����� ���



��
�

 ��	��

���
�
����	����

(�
����)�����������������*���+�����$�B(��%�$�1��A������(������.���(1�1�������1����B(%���7��;�=�������

�1�$��1��(������.�%%���.$%��2(%3.�"�!��=�1�.���%���=����������1�=������.����%(�(/(�.L.�����(%�����

7�L��2P2;�3�1����(������(��/(�����.�����O3�(3���(1�3.���%(��1���(%3��(��7��.����.R;�=����11�1���1�����

������.$%��������/3��1�����	�����/(����.���7*(���������<��������E��.���;"�!����O3�(3��$�����=�������

1�����1�1������(�������$�����1���1�=�����(1�3.��3%/�����/�%����1���1������(%2�����2�$(����1�3�1�������

����(����/%3A�����%1����������31��%�$�1��A�����"�����

!����A������=�����1���(%2�1�����"��.���4��A������1�������1�=�����(1�3.�.����%�����(%3��(��7�"��.�����	�

�"��.(%��;�����((.���.$����3��"�-/������� ����/(���$$�(A�.���%����.��������������(��=������.�����1���
�

����11�����(1�3.���1�(�����3%/����.(�(��1����������������(��.�A�3������ ���������/(����.�����1�����

������/3��1�7��.�����	����;"�B�(.������3$����������(�������������/��������1�.����%��������7B-���;�����

�����(%2����=����2�$(����1�3�1�������(���������.���1�����B-������1���(%2�1�����4��A�����(���2��������

�R��(%3��(�"�����

,-������#���������$�!���B-����=�������%�@�1�����������(.��(���$���7E8��E84�	-��#��.�1@3������

,�$��;�3�������.�1�3.�$(%����(%3.��7G?�����#�����.�×��"���..��������%�1��.������/�%.����� ���������

�"���C.��-��%����!����(%(������
#;"�G����%��(�������(�1���(���(/�E8����%������3��1�B-�������1��1������

��1�$�� ����������(����2���������$(���1����&3��������%"���1������%�(����/(3�1���������3$$%�.�����������

1����7��;"�G����=�������%�@�1�=�����������#(%3��(����(/�=����/(��E8�7E8�(%3��(���#��.�1@3��,�$��;"����	�

	!���	�

�������	��
�

-%%���%�3%���(���(��*�.���1����=����$��/(�.�1�=�������%���	"��"��7*�����;"�-/������.(2�%�(/�����

�(�.����$� ��������$������=������13��1��(���������(��(/�����������=������������−��
����.4�"�!�������

��� ��(3�1�=�������.���1�=������%��������������(��/���7=��1(=���@�����;�/(��������$����3.���1����������

�3�������1"��(����@����$�� �$�(/�%���=����/����1��(������=(������%�������	����1����
��.4������

��.3%����(3�%����1��=(��(����@����$�(/�%���=����/����1��(����������%����������.4���������.�A�.������������

�$$�(A�.���%������������1�������.4�"�B�(.�����/��������.�A�.3.�$�� ��������������1����.���1���1�������

����(������%�3%���1��(�>7��	�;P>7����;�=����>7����;�9�>7����;M>7����;"�#$������/(��=�����(�2�(3��$�� �����

/�������$�(�%�.��=����(����2�1������A�%31�1�/�(.�/3���������%����"�
�3�%%������(�����$������=��������

���(�1�1�$�����.$%����3��/(���%%�/3���%���.$%�����.���.3.�(/������$������$�����$%������=����3��1���	�

3�%���������1�(����=���"�B�(.��%%�$�� ���������������(��$�����.$%������/���������(�1�7.�1���;���1���
�

����1�O3����%��=������%�3%���1"������

B�(.�����E8����3%�������1������(/�3����3����(��=�����%�3%���1����/(%%(=�L�B(�������(/������1����/��1�����

B-��������.(%���O3�������=�����%�3%���1�/�(.�������/�����(���������.�A�3��"�B�(.������.(%���O3�����������

�����3.����(/�98<��−8<����1�−8<����(3$��(/��������$����2������%�����1��=�����%�3%���1"�!����3.�(/�����

���� ������������	� 	� 
���� ��
�������	� �� ����� ���



	�
�

������������3.����(/�98<���(3$��=���1�2�1�1���������3.�(/��%%�−8<����1�−8<����(3$�"�B3������1����%������

(��������%�3%���(���������/(3�1���������3$$%�.�������1���"� 	����

���� ������������	� 	� 
���� ��
�������	� �� ����� ���




�
�

�������	���	��������
�	����

"����������	��������
�	����

!���/������%�����(�(������*�.����$������/�(.�����%��%�$�1�2����%�������1�����������$���������������	�

$�(2������$��2�(3��=(� �7�
;"�>��/��3�������=��$������(/�����%��%�$�1�2����%���/(����A���$���������2����
�

�$����������1�$����1"�!������$�����������(%�%���(�.�%�@�1��(�����$�� �����������(/����������%��������

�	�
��.4��/(���������2��3�%�@���(����1������(��$�(�����1�����/3������7�"�"�����%�����(������(��(������

�.((�����;"�B�(.������/��3�����������������������%�$�1��$������/�(.�����1�����������$������2���((1�����

O3�%�����=���������%�(��(�/��.�1�����(.$�����������$������=��������%����=��$������(/�$3�����/�����������

�(.$(3�1��7�$����3.������/��3����;"������

-%%�(/������$��������(=���2���%�1��������$�� �������������$���%�/(��%�$�1�"������%������1�.����%���(3$������

��2��������(�$�(.�����������%���������−�
	����
�����������1����
��.4�����(%���1����41(3�%���(�1������

���3%����������%������������������1���	���.4���%(�������(�����������2��������(��������%������
���.4����1�����

����=�� ������%�����	�
��.4��(����������/�(.���������������(��%��(�1"�-�.(���1����%�1�������.����(/���	�

������%�2���������%�������2���������%���"���
�

B(���$������(/�1�//�������$������2������(����������$�� �����������������1��������%�"����%��/(����������
�����

���������%������	���.4��7/�(.�98<���(3$�;����(�%����%/�(/���������������(/�����$�� �������
��.4��7/�(.��	��

−8<����(3$�;�������������������������/�(.��(��(.��(��($�3���%�/(�����
	���
������������������.(���������	��

�=��������(���(/�����$�� �������
��.4�"�!�����2������(�����/%������������������������3.����(/�98<��	��

��(3$���(.$���1��(������3.����(/�−8<����(3$����1��������������������������1������(/��	��

3����3����(�"��	��

!(�O3����/��������//����=��3������������%�������	����1�������.4�����.���3���/(�������.(3���(/�98<��	��

��(3$����1������(.����1��.(3���(/��(����−8<����1�−8<����(3$������$����2�%�"��(����@����$�� ��	��

$�(/�%�������/����1��(��(��������%�����(�1����(�1����.�����������A������������=��������$�� ����������.4���		�

������1�������1�����=(��(����@����$�(/�%��"�B�(.�������2�%3������$�� ���������������(������%�3%���1��(��	
�

>798<;P>7−8<��M�−8<�;�/(��������$����3."��(=�$�� ���������������(����3����1������/�=�1(3�%���(�1���	��

��1���%(=�1������(/�3����3����(���=������������$�� ���������������(����$�������.����1(3�%���(�1���
��

��1��������1������(/�3����3����(�"��
��

#�
����
��	�������	���������	
���������	�
��


�����������$�� ���������������(��=���2�%3��������.���3��.�������3%���(������1�/�(.��1������%��
��

��.$%��������/��������$"�B(�������$3�$(���=�����=���(%(����%�13$%�������(/�1�//�������$������3�1����
��

�1������%��(�1���(���7�"��"�������.��.�1�3.���������1������%���(�3%���(����1����2������.��$(�������.���
��

��(=�����.$����3��;"�B�(.��������1������%���$%������������%�.���%�3.�=������2����1�/�(.��(����
��

���� ������������	� 	� 
���� ��
�������	� �� ����� ���



��
�

$%�����������1(.�$(����(�����1�*�.���.���(�$����(��($��=���$��/(�.�1�(�����������%����(����%�$�1��
	�

2����%��"�!���.���3��.�������3%���������(=�����/��3����"���

�

B(��.(���(/������$�������(���.�1����2�%3�����(=�(�%��.���.�%�2������(�����1�����������1���1�O3����%���
��

������.�%��%��%����"������

#(.��2�%3�����(=�2���������%����%��1�//������/�(.������(����"�B(���A�.$%����$%������-�(/�����

���
�
��
���
���(=����%�����������O3����%���������������$%������?"�:�%���������$������=�������(�1�1�����

/(���������$%�������=��������1������������������%�2�%3���%������%���%�"�!�����.$����@������������������(�����

���(�1����3//��������3.����(/��$������$�����.$%��/(������2�%3����(������$���������2�"�����

B(������
�����
�
���1�����������		
�
���$%������-���(=����%�����������O3����%���������������$%������?"�����

B(���(�����$%�������-��*�.����$������/�(.�1�//������%�$�1�2����%���=����1�������%��1�//������/�(.����������

(����������2������(���1��������%������� �1������%���1�"�B(������������		
�
��A�.$%����*�.����$��������	�

(/�������2����%���������(=�����/��3���#�"�!������1��������(���1����%��2������(����������%�$�1���
�

�(.$(����(��(/�1�//������2����%���=������������.$%�"������

�(���%� �%�������$���(.��(�����%�� �1��(� �(=��%�$�1��(.$(����(��2������(����%(�������$���7�
;"�����

B�(.�$��2�(3��=(� �=�� �(=�����������%�$�1��(.$(����(��(/�2����%����%(����(���$��%���$�������������

1�//������/�(.������(/�(%1�����$��%�$����"�
�3�%%��������2������(���������������.�%%"�:�2�(3��2������(�������

���������������(/�����
�����
�
�(������������		
�
�=����(����2�1�(�%������%����1��(����$�(13���%�"�#��%%������

�/��3//��������3.�����(/��$�������������(�1�1������.�1����2�%3�����(.�����$���������2��(/����������������

��.$%���������������$$������/�(.��(.$����������.�1����2�%3���(/���$%������-���1�?�/(���(����$�����"�����

!����/(�������� �(=��2������(���=����������%����$���������(��1����.����%��(�����.���3��.����"�����

B(�����
	���
� ���� .�1���� ��1� ���� �����O3����%�� ������ (/� �(��� ��$%������� ���� 1�//������ /�(.� �������	�

(����"����/��O3���%��(����2�1��11���(��%������%�������������������		���1�������.4����������$���������
�

=����� �����%�� 2���� ��� ���������"� �A�.$%���� �$������ ���� ��� /(3�1� ��� /��3��� #�"� -�� =�� (����2�1� �(�����

1�//�����������������.$%������.��%2�����1����������%������2�������������=����$�(�����@�����.��(��������

�(.�� ��1�(/�$��.��������������(��$��.�����%��$��������3����(=��
'4'������(�$��(����������.���3������

��2���� 2���� ���(���� ���(������ �������1� *�.��� �$�����"� !��� �$�����%� ������� ��� =����� ���� �����%������

(��3��� ��� ���� ��$���%� ����(��(/� ����������� 2������(��� /�(.��(�03����1�$(%�����"� >�� @��(.�������� ��������

/3���%� ��(3$� ���� ���3���
������		
� ��%(���� �(�� ���(���(�1�� ��1� ������ 1���2���2��� ����  �(=�� �(� �������

��A3�%��(�.(����7������;"�>��$�����3%��������$(�(�1����1�������$���3��(���������2����2���%�/3����(��%�����

��(3$�� (�� ���� ���%(��A���� ����� (�� 8��� $(����(�� (/� ���� ��($���(�1� ��1�� ������ 7��;"� !�3��� 1�//����������

$(%�����1���2���2����������$����������2��������(���������(����������/3���%���$���"�-%�(��$(%������������	�

����%�� �(%3�%�� ��� %�$�1�� ��1� �(3%1� ���3.3%���� ��� ���� %�$�1� 2����%���� =����� ��� �(.������(��=���� ������
�

���(������*�.����������.����=(3%1� ���(3��� /(�� ������ 1��������%���� 1��$���� ������ ���3.��%�� %(=�����

���� ������������	� 	� 
���� ��
�������	� �� ����� ���



���
�

�(���������(��"� #����� ������ �����%�� (/� 2������� ������������ (��3�� ��� ������ ����� ��1� ��		��.4�� ����������

���.��(������2���%��(.$(3�1��$����������������.$%���(/����
	���
"�-������$�� �$(����(��(/�����898�����

�����������2������(�����$(%���������/����(��.�%%���=�2��3.�����=����������������3.����(/��(�03����1�����

1(3�%���(�1�� 7���� ��;� ���� �(.$(3�1��$������� ������
	���
� $���3.��%����2���� �(�03����1�1(3�%������

�(�1��(��%����7��4��;"�!����/(�������������.(���%� �%���(��������$(�(�1�1���2���2��"������

#�.�%����(�(3��=(� �#�.� ���1��(%%���3���/(3�1������%��(/�β4���(��������%�$�1��$������(/�.���(�%��������

7�	;"�!����(����2�1����������$��������(/�β4���(������������%�$�1���/%3����������>'�1����.�����(���������

*�.����$����(��($���������β4���(������(�����3�����(����������%����������.4�"�
����������$����3.�(/���	�

$3���β4���(����������=������%���(�O3����/��������/%3�����(��������>'�1����.�����(�"�#�����=��1(��(����
�

 �(=������1�������(/�(3��$(%��������1������/(�������(��(������$3�����/��������$�������=��1�1��(������

����.$���(�O3����/���������//����(������>'"�<(=�2��������$��������(/�2��������.(3����(/�$(%����������

��$����%%��������
	���
�.����A$%��������%�����2������(���(����2�1�/(����.$%���(/�������$�����"�����

#��%%�����������%�.���%�3.�����������2����1�������1(.�$(����(���/�(.�������(%(����%���$%���������2��������

��$���������2��$�� ���������������(��/(������.$%���/����3//��������3.����(/�%�$�1�2����%������.���3��1"�����


�3�3�%��//��������������.$%�����������1����/��1�/�(.�����%������������2�����������O3����%���������������

���������1���3���1�/(�����
	���
������
�����
�
���1�����������		
�
"�����

B(����A���$���������2���$������7�������%���;�*�.���.���3��.�����=����$��/(�.�1���$����1%��(���������

%�������������1�$��1������$%���������(=��3�1���������1�//��������(=����(�1���(��L�(��EF-�����
D8����	�

(����-�����
D8���1�(����-������D8"�-��(.$����(��(/�����1����.���1�.�1����$�� ���������������(����
�

/(���%%���$%������������(=�����/��3����"�����

B(���%%��$������������.$%�����(=��(��EF-�=�����%����(%��������(���(3��������/(3�1��(���2�������������

$�� ���������������(�������������.$%�����(=��(����-�=�����%3�(����������(���(3���"�!��������������������

$�� ���������������(���1����������������/3����$�(13���%�$�1��=������������.(3���(/�3����3����1�/���������

���1��=������(=��(��EF-�������1�(/���-"�>������31����.�%����(�(3����#�0��1(������%"��%�(�3��1��%3�(�������

��1��%����(%��������(���(3�����/(���3%��2����������
�
���
�
��3��/(3�1�(�%��.��(��2������(��������������

%�$�1��(.$(����(��7��;"�:�������$(�����������(��%3��2��(�������//����(/��%����(%��������(���(3����(������

�����(��%�1������(/�3����3����(���������(�%����/�����(��(/�����/��������1��(.$(����(��������(3���1�/(������

7��R��(�
�R;�7�����	;��=�����$��2����������(.$����(��=����(3�����3%��"����	�

#�.$%�����(=��(����-�����
D8�7����%������/��3����;���2����.�%���(���%����%����������1�$�� �������������
�

����(���1��(���O3���%�����������1������(/�3����3����(���������.$%�����(=�������D8�7�O3������������

/��3����;"�!���.�����31��(/�������//����2������/(��1�//�������$��������3����.������.�%%�/(��.(��"�:�%������

���
��
�����
���(=��%������1�//�����������%�$�1��(.$(����(��/(�������=(���.$����3���"�!��������������������

���� ������������	� 	� 
���� ��
�������	� �� ����� ���



���
�

����1������(/�3����3����(��3$(��%(=������������(=�����.$����3��������������.�����(�$��2�(3������

��$(���������1����������������������������.(3���(/�����%��3����3����1�/��������1��3$(��1��������(/�����

��(=�����.$����3���7���
���	���
;"�����

"�����������	����
������
�	����

>��(�1����(������$��������$�� ���������������(��O3��������2�%����������2���(����%�� �1��(������3.����(/�����

98<��T8<����1�T8<����(3$���������%�$�1"�!(��������1�=��3��1�$3���%�$�1��(.$(3�1���(������%��������	�

��%������(��.(1�%"�B�(.����� �(=�����.���%����3��3����(/�������/�������%�$�1�������3.�����(/�98<����
�

T8<����1�T8<����(3$���������1����.���1���1������3��3�������(�#*�9��798<;P7�7T8<�;M�7T8<�;;��������

��%�3%���1�/(��������(.$(3�1�7�������%���;"�8(����$(�1����*�.����$������=�������(�1�1��$�(�����1�����

�1������%%���(�����/3���%�%�$�1��$��������1�$%(���1����������������$����2��#*"�-�%������/3����(�����/����1�����

�(�����2�%3��"�!���/(�.3%����9�4�"����M��"������#*�1�������������2�%3���=�������*��(/��
"��"�!�������

���3%�������%������(��$%(�������(=�����/��3���#�-"�
������������%������(��/3����(��=�������(=���%�3%��������

����#*�(/�����.$%��1�����%��/�(.�����$�� ���������������(�(/�����*�.����$����3."�����

!(� O3����/�� ���� �//���� (/� �%3�(��� 7��-;� 2�"� �%����(%� 7EF-;� (�� ���� 1������ (/� 3����3����(�� =������

��%�3%���1�����#*�/(������1����(/�#�0��1(��7��;���1��(.$�������.��(�(3��(=�����3%��"�
�����������E8�����

���3%����=��������#*�(/��"����/(��������.$%����(=��(���%3�(�����1���#*�(/��"��
�/(��������.$%����(=����	�

(���%����(%"�-%��(3�������#*�����������/(��������.$%����(=��(���%����(%������1�//����������#*����(�%����
�

�"���"� >�� (3�� ��31�� �%%� �����1� �$������ ��2�� �� ������� #*� ���������
�
���
�
� ��� #�0��1(��� ��31�"�����

��������
���������%(=����#*�(/�������A��$���������(3����31����1�=��������/(�����(����/(���(.$����(�"��	��

B(����������
�=��1����.���1���.���.3.�#*�(/��"����/(����(=���(��EF-���1���.�A�.3.�#*�(/��"�����	��

/(����(=���(����-�7�(�������
D8;���(����$(�1�����(���1�//����������#*�(/��"�	�"�!�������.(�������������	��

��.��� ���� 2������(��� ��$(���1� ��� #�0��1(�� 7��;"� <(=�2���� ���� %�$�1� �(.$(����(�� ��� 2���� 1�2����� /(���	��

1�//�������
������		
��$��������1�=��1�1��(�� ��2�������������.$%��(/�����
�
���
�
"�!��� ��������1��	��

1�//�����������#*�3$(����(=���(���%����(%����(3����31��.��������.$%��13���(������.$%(��1��$�����"��	��

-%�(��(3��.�1�����-���1�EF-�1�//��� ����(��������(����1�����(�����(3�����=����������(����%���������	��

%�$�1��(.$(����(�"�#��%%��=��/��1�EF-��(������.(����3����%��.�1�3.�/(�����������������%��3����3����1��		�

%�$�1�"��	
�

!(�2���/�������$����(��($������3%���=���������1�$��1������1�=�%%������%����1�.���(1�=���A������1��	��

����%�$�1��/�(.�����������������%�.���%�3.�(/��������.$%����1�$��/(�.�1�E8����%�����(���%%��A������"��
��

B�(.�����E8����3%���=����%�3%��������#*�(/��798<;P7�7T8<�;M�7T8<�;;�/(�������/3���%���.$%��7�����
��

�3$$%�.���������/(�.���(��/(��1����%�;"�!�����E841���2�1�#*�����$%(���1�������������*�.��41���2�1��
��

#*����/��3�����/(����.$%�����(=��(����-�����
D8���1����/��3����#��-���1�?�/(����.$%�����(=��(��EF-��
��

����
D8���1�(����-������D8�����$����2�%�"��
��

���� ������������	� 	� 
���� ��
�������	� �� ����� ���



���
�

!���%������/3����(��1��������������1�����������%($��(/��"����U��"������1�������������������A�������
��

�"����U��"��	"�!�����2�%3�������2�����%(����(������1��%�%����=�������%($��(/����(�������(3�������(��������
��

=�������$��������$��/�����(���%���(�"�!����/(��������#*�1����.���1�/�(.�����*�.����$�����������
	�

�O3�2�%�����(�����2�%3���1����.���1����E8"��������1�2����(�������(����2�1�/(�����
	���
�(�%���.(����

�

%� �%��13���(�����/��O3�����3�������3%���$��������(/����(���(�1����������(����$(�1����%�$�1������%�"��
��

-%��(3�������#*������O3��������2��.���3���(/�����1������(/�3����3����(�����(�����2�%3�����3��1�.(�������

/��O3���%�����(3��(3��%�$�1����%��������.�%�������(1����2�%3��7>';"�!���>'���������.(3���(/� �(1�����������

���.������ ������� �� ���3$����������(/� �������%���"�B(�� %�$�1�� ���� �(1����3$�� �� ��� ���� ���3%��(/� ��������

�11���(�� �(� ���� 1(3�%�� �(�1�"� <������ ����� >'�� ��1������ ����� �3.���� (/� 1(3�%�� �(�1�� ��1�����

�(���O3���%�� ����� 1������ (/� 3����3����(�"� !(� %�� � ���� >'� �(� ���.���%� ���3��3��� ��/(�.���(�� ������

��%������(��/3����(�������(������������1"�
���������*�.�����/��������(.$(3�1��=����%�3%���1�����������

>'��7�����3$$(��������/(�.���(��/(��1����%�;���1��(���%���1����.��(�����#*����/������������(�1�(�1�������

$(%��(.��%��(�����1����7��;"�!������3%�����/(�.3%��>'�9�	�M�������#*�V�������#*��7*��9���"
�;��%%(=���(���	�

1����.���� ���� >'� ��� �P����� /(�� ���� /3���%� %�$�1� ��.$%���1�����%�� /�(.� ����*�.��� �$����(��($���%%����
�

1���2�1�#*"� >�� ���%����������%�3%���1� >'����1����.���1����*�.����$����(��($����1�E8����%�������������

�(.$���1� /(�� (��� ��$%������ (/� ��.$%��� ��(=�� (�� ��-� ��� �
D8"� -� �(.$�������2�� �3�2��� (�� �%%�����

��$%�������3�1����%%���(=����(�1���(��������2���������%��#����1�/��3���#�"������

!��� 2�%3��� 1����.���1� ��� ���� �=(� .���(1�� ��(=� ����� ���(�1������ 1�//������ ��� �� .�A�.3.� (/�����

���P�����(�%�"���������
����/(3�1��(���2��2����%(=�>'��(/���(3��
���P������=������%�(���������%(=��������

(/� �%%� �$������ 3�1��� ���� �����1� ��(=��� �(�1���(��� �����%������ �(� ���� %����� )
B-�� ��� ������ %�$�1"�����

�����
	��
���1�����	
��
�
���2��2������.�%���>'�����=���������1������P������=������(=��(����-������

=���������%����%�������������������(/���������
"�����
�����
�
���1����
��
�����
���2�������.�1�����>'������

(/��$$�(A�.���%��������1������P���������$����2�%�"�!�����������>'������/(3�1�/(��%�$�1��(/����
	���
����	�

=�����=������(=��(��EF-�����
D8�=���� /(3�1��(����������������
���P����"�!���� ����(�� �3�$����������
�

���������
	���
� ��� /��O3���%�� ��$(���1��(��(�������3��������%��.(3����(/�������1(�������1� 7��������������

��������������;"�����

!����/(�������*�.����$����(��($���1����.�����(��(/�����>'����3%����(.$����%���(�E8�.���3��.���������

����(������1"�<(=�2���������$����(��($���1����.�����(�����/���������O3�����(�%��2����%(=��.(3���(/�����

��.$%����1�%���%���(��(���.$%��$�������.���"�!����.� ���*�.����$����(��($������.���(1�(/���(��������

/(��/��������������(/�/3���%�(�%��/(���$���/���>'�"� 	����

���� ������������	� 	� 
���� ��
�������	� �� ����� ���



���
�

�
������
��	���	
���

$	����

>�������=(� �=��=������%���(���(=����������O3��������2�����%�����(/�/3���%�%�$�1������1��%�2������$�����������

����%��/�����%�"�*�.���.���(�$����(��($��(/�����%��2����%����%%(=���(�1����.�����������3��3�������(���	�

�798<;P�7−8<��M�−8<�;���1�����>'�/�(.�����$�� ���������������(�"�!������3%��������(.$���1��(�2�%3�����
�

(������1����E8�������3����������1��1�.���(1�/(��%�$�1����%��������1�����/(3�1��(��������((1�����

�(��(�1����"�!��������%�.���%�3.�����������2����1��������������$(����(���/�(.������3%�3���/(������

��$���������2����1���$�(13���%��.���3��.�������3%��"�-������(�������(����$��1��(�.���3���������

�3//��������3.����(/�2����%���/(������1�����(������%���%�"�8���/3%��2�%3���(��(/�����1������������������/�����

���(���(�1������/(3�1��(����$���������������$�����"�-��������*�.��������%��(2��%�$�=��������$�� ������

3��1�/(��O3����/�����(����������3%�����2�%3����������.��%��1���"�<(=�2���������3�3�3�%�����2�(3���������

����%����2��%�1�����������(�.�%%��%�����.�1����2�%3���(������1�/�(.��3�����.$%��"�����

����%�(�/(3�1�����/3�����(��(��������������1��.(3����(/�)
B-��=������(=��(��EF-�������1�(/���-"�����

!����/(����=���(��%31�������EF-������.(����3����%��.�1�3.�/(��)
B-�$�(13���(���������-"�!���������	�

(/�$�����3%�������������������%����(%�����2��%��%�����%������.(3���������$�(13���(/���(1����%�$�(13���(����
�

��1�.�������(�2����1��(�2�%3��%���(.$(3�1�����/��1��������(��
������		
�/3���"�����

>/�������(2����O3���.���������.���*�.���.���(�$����(��($���%%(=���(������������O3�%����(/�/3���%�����

(�%��=����2����%���%����.$%�����1%���������/������1�1������.�����"�!��������%�����$�1�����������(/�����

 �(=����1���=���.$%��������1����������%�$�14$�(13�����$(������%�/(��2���(3���$$%�����(�����1�.�������

�%�(���%$��(�($��.�@����(=����(�1���(��"�����

��$�
���������	����

B�������%��3$$(���/�(.�����,����#��((%�/(������(���%�8(..3������(�����=�%%����/3�1����(/���������

�����������(3$�W,������?�(���$�>�������2���"�S�=����������/��.�=(� �W
�������.���*���(��T�����

>��()�(/�%��!����/��S�/�(.�����B�1���%����������(/��13����(����1�*���������E��.����7?�?B����������	�

�3.������>)!���F;���������/3%%���� �(=%�1��1"� ���
�

���� ������������	� 	� 
���� ��
�������	� �� ����� ���



���
�

����
�����	����

�"� *��%�1����8"�����"�B��������1���(�������������.���((������.��������3��1�/(��#���%��8�%%�:�%�����

$�(13���(�"���
�������./L�
�	4
��"�����

�"� #�.� ��:"��)"�I�.X�� ��-"�,(�XY����1�<"�<"�!�%%�"�����"�8���������@���(��(/�(�%4$�(13���������

.���(�%����3�����*�.����$����(��($�"��
����������������.L�	��4	��"�����

�"� <3�����8"��Z"4/"�8������"�Z�(����Z"41"�8������"4%"�������1�F"�8���"�����"�#���%����%%�(�%�����

$�(13���(��/�(.�%(=4�(����3��������L�!���$(�����%������1�$(������%�(/�������13�����%�@���(�"���
�����
	������

�����!	L����4���"�����

�"� ������Z"��,"�F�����Z"�Z3���"�I������H"�J������1��"�Z���"�����"�?�(1����%�$�(13���(��/�(.���	�

(%�����(3��.���((������.�"������
�	�� ������!0L��4�"���
�

�"� G��%��#"�G"����1�#"�#"�J�����"�����"�>.$%�����(���/(������3���(/��
������		
�/3���������������

��13�����%�$�(13���(��(/���������%�/��������1�"�!

�������"����!.L����4��	"�����

�"� ,�����<"4G"��F"4F"��������1�#"4#"�F���"�����"��//����(/��3%�3���.�1�����1��(�1���(���(������

$(%�3����3����1�/��������1��$�(13���(������
������		
�
	���
"���
���
����#����
	��1/L�����4����"�����

	"� )�$��� (%�(3��#"���"�&(.���������1�E"�-���%��"�����"�#���%����%%�(�%�7#8:;�$�(13���(���������

�(������%%�������%%������(=��(������4�3�����(������.�1��"���
���
����#����
	��12L��
	4���"�����


"� #��.�@3��#"��F"�#���.����<"�&�=����.���&"�- �.(�(����1�<"�F�.�1�"���

"�B3���%�.���%������������

�(2�%��(3����(/����(��$������(������1L�-���2���(��(/���@�.�7�;���2(%2�1�������(��$������(������1�����

$�(13���(�����%(=���.$����3��"���
��������
���������$
��	2�L����4���"���	�

�"� E�(��G"��,"�I�����F"�I������Z"�F3����1�#"�8���"�����"�����(���%�%�$�1�$�(13���(��/�(.�A�%(��������
�

�(������%%�������%%���"���
���
����#����
	��	!!L����4���"�����

��"� I�����,"��F"�I������Z"�F3���"�F3��G"�E�(����1�#"�8���"�����"�����(��%%3%(������(.�������������

����(��1������(3����/(��%�$�1�$�(13���(������(������%%�������%%���"���
���
����#����
	��	 .L��
�4���"�����

��"� 8��31�3����#"��#"�E�(����G"�&"�?����������������1�#"�?��1�($�1����"����
"��//����(/�.3����1�����

.��%�(������$�(13���(��(/�������1(�������1�����(������%%���%(������#84��
"�%������&�	�$�����'
���32L�����

����4����"�����

���� ������������	� 	� 
���� ��
�������	� �� ����� ���



���
�

��"� ,�����<"4G"��F"4F"��������1�#"4#"�F���"�����"�)(%�3����3����1�/��������1�$�(13���(��=��������

�
������		
�
	���
�����(%�1��3��������/��.������(�"��
�����		����
���'����
�0	L���4�
"�����

��"� <(3��8"����
"�)�(13���(��(/�������1(�������1���1�1��(.(4[4%��(%��������1�/�(.��%����(%����(�%4��	�

$�(13�����/�%�.���(3��/3������
������		
��������-*#��3%�3����(%%����(�"�%��"��������
��
	����
���!2L����4��
�

���"�����

��"� G�1�3 �������"��!"�8������ (2�����1��"�'���������"�����"�?�(����������(/�������1(�������1�����	��

.���(.�������7��2��=;"����	����
����������
��03L����4��	"��	��

��"� 8���@�/��� (3��-"��-"��� ����-"�?�% ���#"�?�%%(3���"���2�(3���"�����(��1(3��)"�������(����E"��	��

:�0��(��E"�-���%������1�#"�)�$��� (%�(3"�����"�?�(�����(%(����%��(�2����(���(/���(1����%�1���2�1��	��

=������%����(%������������1�/3���%��$�����"� ������!/L����	4���
"��	��

��"� '(�����&"�����"�I��(.��(��"�"��#�%%��3��(/�)%����B�.�%����4�-"����%��S��#�%%��3��1����	��

)/%��@��/�.�%����)�����P�L�?%3�4������-%�������A(.���������1���A(.�����4%� ��(������.����	��

)���($���������$�(�������<����(��($����<����( (��(��(������1�B3����$"$"��"�B������1��(�"��		�

?(�����������#�3������"����4���"��	
�

�	"� *3����I"���"�I��(�����Z"�������8"�G3�������1�F"���3"�����"��2�%3���(��(/�%�$�1����3.3%���(���	��

/�(.�%���(��%%3%(�����3���������(������%%�������%%����/(����(1����%�$�(13���(�"���
���
����#����
	��		�L��
��

��
4���"��
��

�
"� ��(�(.(3��8"�J"��-"��� ����E"�-���%����#"�)�2%(3����1�G"�'"�'������"�����"�#�.�4�(%�1��������
��

/��.������(��(/��=�����(���3.�/(��������(�����(%(����%�$�(13���(��(/�����%����%%�(�%"���
���
�����
��

#����
	��	�	L���
�4��

"��
��

��"� 8���� ���"����1�#"�#��.�@3"�����"�&����������%�����(/�(�%���(����������������������1(�������14�
��

$�(13�����/3��3����(������%%���%$�����#4�"����	������
��
	����
���20L����4���"��
��

��"� <(��#"4F"��F"�,��������1�B"�8���"����	"�)(%�3����3����1�B�����-��1��7)
B-�;�8(������(/������
	�

B3��3���
������		
�
	���
�>�(%���1�/�(.�#(�%"�%�������!

��$�����22L�����4����"��

�

���� ������������	� 	� 
���� ��
�������	� �� ����� ���



���
�

��"� &������B"�#"��#"��"�)��1����>"�:"��%%����,"��"��"�E����*"�>"�J���(%�(���*"�)"�?��������1�,"�B"�*"��
��

*(�����(�"�����"�E�..��%��(%��������1�=������.(A�/������$��.���������$������������������"�"����%������

$
�����.2L����4��
"�����

��"� )���%��,"�'"��>"�!��������"�-"�<3��������1�E"�F"�<"���$"�����"�:.���4��$(%�3����3����1�/���������

���1�L�������������/(�����(.$�������2�����(�1����$��2����(����������"�(
����)�
	������*��
�
����2L�����


��4
��"�����

��"� B���1.����-"�J"�����"�:.���4��B�����-��1�#3$$%�.������(�����-12����1�&�1����G������"�����

'������+�
	����� !L����4���"�����

��"� E(�3���
"����1�8"�#.���"�����"��4��:.����/��������1�L�����2��=�(/��3������ �(=%�1��"�"����%����	�

!

��'����#�����02L���	4���"���
�

��"� &�.���"��G"�J"����3��������1�*"�#"�8��$ ��"�����"��4��)(%�3����3����1�/��������1��\�����

)����(%(����%���%�2�����(/�1(��"���
��
�	
���������*
��� �������!
����������. L����4��
"�����

��"� !(������J"����1�&"�:��"���
	"�!���/�%�.���(3��/3��3�.(������%%���%$�������������������1(��������

���1"��������  L�����4����"�����

�	"� )�����8"��<"�<3�����Z"�,���Z"���3��,"�F(3��,"��3���"�8(����Z"�Z3����1�)"�:3����"�����"�-�����

��.$����3��4���/�����������/(���//�������������1(�������1�/��.������(������
������		
�
	���
��������������

�3%�3��"���
������ ����%��2!L���4��"�����

�
"� �3��,"��8"�)�����Z"4,"�,���,"�F(3���"�8(����)"�:3��������1�<"�<3���"�����"�B��.������(������

8���������������(/��
������		
�
	���
����*��$(�����(�G�//������J���(����#(3����"����	����
��������	�

��
������	/0L��	�4���"���
�

��"� #�1����4,(��������<"��*"�<"���%�(���)"�#"�?�%�(���,"�G"��1=��1�4��������1�G"�!"�8(A(�"�����"�����

H3��������2�����%�����(/�(�%����1�/�������B(3����������/(�.�*�.����$����(��($�"�'�����
���������
�������

03L�����4���
"�����

��"� ������F"4�"��*"4<"�������8"4F"�!@�������1��"�8���"�����"�#��3��3��%�-��%�����(/�����

!�����%�%����(%����1��1��%��:�%�����J���4>�/����1�B(3�����!����/(�.�*�.���#$����(��($�"����	������

'�����
����23L����4��
"�����

���� ������������	� 	� 
���� ��
�������	� �� ����� ���



�	�
�

��"� #�.����)"��G"�'���J��3= �� ���E"�#��(3 ������"�'(�� ��G"�#������������1�<"�'���G�������

-�����%�"�����"�H3�%������1�#���������%�8%����/�����(��(/�?��@�%����'������%��:�%��
�������14>�/����1�����

��1�*�.���#$����(��($�"����	��'�����
����//L����4���"���	�

��"� *���@���������#"��)"�*+������"�-"�#����%���G"�?������"�?����� ���<"�#��3%@���"�*31%(//����1�,"���
�

)($$"����	"�J(�1����3���2�����%�����(/�����%����$����1�����.�����(/�*�.����$����(��($�"�%���
�
������

'�����
����!.L����4��
"�����

��"� �%4-�������*"��"��)"�,"�����23�������)"�G(�/�� ��?"�'(��G���&�..������1�-"��������"�����"�����

G������G����.�����(��(/�
����3����(����2�%�(/���% �B���
�����*�.���#$����(��($�"����	��'�����
��������

//L���
4���"�����

��"� ���1����1���"�?"��&"��"�#]��������B"�2���1���?�������1�#"�?"�����%���"�����"�G�$���$�(/�%����(/�����

$(�������1�$(�������3�����*�.����$����(��($�"�%���
�
��'�����
����0!L��
�4�
�"�����

��"� #�.� ��:"��)"�I�.X�� ��#"�?�����(2��I"�)�%X�����1�<"�<"�!�%%�"�����"�B(%%(=����%�$�1���������/((1�����

�����L�1����.�����(��(/������(1����2�%3��3�����*�.���.���(4�$����(��($�"�'�����
���� ���� 0L���4��"���	�

��"� -/������J"�&"��,"�)"��(%1����1�'"�<"�#������"�����"�!���$(������%�(/�*�.����$����(��($��/(����
�

��������������(��(/�����/��������1�3����3����(��(/���%.(�"���
	��$��������
�23 L�
�4��"�����

�	"� #�.� ��:"��-"�,(�X���I"�)�%X���)"�I�.X�� ���"�J�1��%��,"�!�^� ���)"�&(�������1��"�!��^%� "�����"�����

*�.�������(�$����(��($��(/�>�1�2�13�%�-%��%�8�%%�L�#�������
����3����(��(/�#�(�������$�1�����2�2("�����

'���
���	�L�
���4
���"�����

�
"� �����������
"���"����������"�!"�#$��%������&"�'(�����)"�*+�������1�,"�)($$"�����"�#$����%%������

���(%2�1���2��������(��(/�����(�%��(.$(����(���������%�����������$����(/��(������%%���$$"�=����.���(4����

*�.����$����(��($�"�����,��
	��$�		���
	���������	.!	L����4���"�����

��"� B(%����,"���"���������1�E"�<"�#%(����#���%��"����	"�-���.$%��.���(1�/(��������(%���(����1�����

$3��/�����(��(/��(��%�%�$�1���/�(.����.�%�����3��"�%����
	��$�����  /L���	4���"���	�

��"� &3�����&"��8"�G������-"�,�31�@3�����1�E"�,������"�����"�#���������/(�����%�������/����%��4����1���
�

�4��/��������1�����$%�������1�"� ����%��������'����#�����		0L����4���"�����

���� ������������	� 	� 
���� ��
�������	� �� ����� ���



�
�
�

��"� #���.� ��8"����1�,"��+���.����"�����"�)���(.(�������(���������/3���%���(3$������

8�����1�(.��(�������1�I��(.��(������1��������:(.��(��"�"��!������(���>L�E�(=����G�//���������(������

��1�#�A3�%���"�&"���������1��(�"�#$��������<��1�%����"�����

��"� E((1����E"��"�����"�<(�.(�����������%��%�B3���"�"��E�(=����G�//���������(����1�#�A3�%���"�,"�����

<"������%����1�B"��������1����1��(��"�#$�������?��%���<��1�%����"����4���"�����

��"� ������%%��*"��?"�I"�8�(=1�����,"�#�%2����<"�E"��"��1=��1�����1��"�B"�8"�1��:%�2����"�����"�*�.�������

�$������(/����(���(�1��������3��%�$�(13���"�'�����
���������
���21L����	4����"�����

��"� #���//����<"��"��*"�*"�8�������*"�,"�#�%�����&"�&�(%%����1�*"�*"�#���(� "�����"�8(�03����(��%��������	�

1�$��1�����(/�*�.��������������������������(/�%������$(%�����L�>.$%�����(���/(��$(%������%���"�%����
�

$�����������10L�����4��	�"�����

��"� ���� �%1���B"��"��J"4<"�,���������1�*"���%����1�"���
�"�!�.�4���(%2�1����(������*�.�������

�$������(/�����%(=�����A����1����$%���������(/��%%4�����4�����4(������������%%((��.������1���(4����

�%%((��.���"�$�����������������		.L��
�4���"�����

��"� #�0��1(���,"���"�8���^ ����1�#"�G(��(_(2X"���

"�>�/%3�����(/�1�//����������(���(3�����(������

��(=����%�$�1��(��������1�/��������1��(.$(����(�����/(3������������%(�������(�.3�(��%��"���
�����
	������

������	�L���	4���"�����

�	"� B� ����#"��#"�)�$��� (%�(3��-"�?���(����"�E�%�(�(34)����(�(3��-"���%%(3��(�����1�E"�-���%��"�����

����"��2�%3����������=��%������(���(3���������3���������/(������%����%%�(�%�$�(13���(�������	�

83�������.�%%�������3%������1��(������%%�������%%���"���
�
���
�����
�������!!L��	�4�
�"���
�

�
"� #���.����F"��#"�#��.�@3��&"�- �.(�(��<"�&�=����.�����1�<"�F�.�1�"���
�"�)�(13���(��(/�����

������1(�������1�����
������		
�/3���"����	������
��
	����
���!	L���4��"�����

�����

�����

� �����

���� ������������	� 	� 
���� ��
�������	� �� ����� ���



���
�

%���
�	�������	����

"��#���	
�4������
������������������
���*��������������������	��5�67�����	
���
����5
67�������	��
������

5�67�����������5�67���������	��5�6�������������������5�6$�!���1�$����1��$������������=�1�����3��/(������

�������������%�����(����������%�����	�
��.4��/(����������(.$����(�"�-�����%���$����3.�(/�$3����%�����%���	�

���%��(%����������(=��/(���(.$����(��7�;"���
�

�����

"��#��� 
��������������&�������������#
�����������#��������
�����&����������������
�����$�*�$%������-��	��

�����(=������(%�1����������%������$%������?����($����%�� �������%���=�������������1��(���������������1���1��	��

O3����%�"�)�� ���������������(��������%�3%���1�/�(.�>7��	���.4�;P>7������.4�;"��	��

��	��

"��#���!
��������������&�������������)��
�������������'�%�#�������������������������$�#$������=�����	��

��(=��(��EF-�����
D8�7������%��;��(����-�����
D8�7����%��;�(�������D8�7�O3����;"�����
�����
�
�=����	��

�(��.���3��1�(��EF-�13���(�$((���(��(���(=���(�������.�1�3."���1����2�%3�������.�� �1�=�����	��

��.�(%������������1��(�������������1���1�O3����%�����������1�O3����%��������.�� �1����1�� ����(%(3�"��		�

)�� ���������������(��������%�3%���1�/�(.�>7��	���.4�;P>7������.4�;"��	
�

��	��

"��#���0
�-��
�������������#��#��������������������������,-����������4������
��������
&������
��

�#��������
�������'�����89�����	.:-$�-�%������/3����(�����/����1��(�����1����=�������*��(/��
"
�"��
��

G����������(=�����/(�����
	���
�7�;�����
��
�����
�7�;������	
��
�
�7�;����������
�7�;�������
	��
��
��

7#;���1�����
�����
�
�7$;"���1����2�%3�������.�� �1�=����($�����.�(%������������1��(�������������1��
��

��1�O3����%������������1��%�� �����$����2�%�"�#��3��3�������(����$���������������(�(/��
��

�798<;P7�7−8<�;�M��7−8<�;�;"� ��
��

���
��

� 	�
	�

���� ������������	� 	� 
���� ��
�������	� �� ����� ���



���
�

&�����	�

�

������	
�-��
��%����*�����������������������
�#����#��������4������
��������
&�����%�����#�&��
��

�����%����
��
������$�8(.$(3�1�������(���1����������������3.����(/�����(����(.����1����������������

�3.����(/�1(3�%���(�1�"�����

4���������

��
���

�#��

����#���

;�$�

<��
�4�

=>�

����P�����
�#���&�

!����-
����
�����

������(%�������1�� �8��<��:��� �� �"�
��� ���� ���R�7E8;�

)�%.��(%�������1�� �8��<��:��� �� �"����� ���� �≥��R�

:%�������1�� �8�
<��:��� �� �"����� ��� ���R�7E8;�

���(%�������1�� �8�
<��:��� �� �"��
�� �
�� �≥��R�

���(%��������1�� �8�
<��:��� �� �"����� �	�� ���R�7E8;�

���(��1���(������1�� �8��<��:��� �� �"��	�� ���� �≥�
R�

���(�������(������1�� �8��<��:��� �� �"����� ��
� �≥��R�

���(��$������(������1�� �8��<��:��� �� �"���� ���� ��"�"�

G(�(���������(������1�� �8��<��:��� �� �"����� ���� �≥�
R�7E8;�

#���	���������

E%�����%����.���������� �8��<
�:��� �� �� �� �≥��R�7E8;�

E%�����%����$�%.������� �8��<�
:��� �� �� �� �≥�
R�

E%�����%����$�%.��(%������ �8��<��:��� �� �"����� ��� �≥��R�7E8;�

���4G�(%�(�%4�4

$�%.��(�%�%����(%�� 8��<���:��� �� �"�
��� ��� �≥��R�

���4G�%��(%�(�%4�4$�%.��(�%4

���4�%����(%�� �8��<�
:��� �� �"�
��� ���� �≥��R�7!�8;�

E%�����%����(%������ 8�	<���:��� �� �"��
�� 
�� �≥�	R�7!�8;�

E%�����%����%��(%������ �8�	<�
:��� �� �"����� �	�� �≥�
R�7!�8;�

���� ������������	� 	� 
���� ��
�������	� �� ����� ���



���
�

E%�����%����%��(%������� �8�	<��:��� �� �"����� ���� �≥�
R�

E%�����%����������1(������ �8��<�
:��� ��� �"�
��� ���� �.��"��
R�

E%�����%�������2(������ 8	�<���:��� �� �"����� �	� ��$$�(A"��
R�7E8;�

� �����

���� ������������	� 	� 
���� ��
�������	� �� ����� ���



���
�

������ 
��#�*�&���������#������
������#��������%���'���$�!����$�������3�0����1��(�E8����%�������������

����%�����1�����(%1"�����

�
������
��������#�����

5?84-6�

�������	�� "�@ /1.�

���
�
��
���
� B�#
�	���

����	
���
���� "�@131 �

����
�
�������� B#
�	���

��������
���
��
� B#
�
���

������	��
�� "�@13 	�

���������� "�@1.		�

����
����� B#
�
��

�������	��� B#
������

��������	�� "�@2�1�

���������	
��
� B#
�
���

���*��	�
���� B#
�
�	�

����
�
������ B#
�
���

�������������� "�@.!2�

����������		
�
� B#
�
���

���.���
�� B#
�
���

�����

� �����

���� ������������	� 	� 
���� ��
�������	� �� ����� ���



���
�

������!
����������������%��������������������
����
������������������*�������$�8(.$����������$�� ���	�

$(����(����(���$(���1�%������3���2�%3�����������.��������/���(��������=�2��3.��������(����2�1�/(��(3����
�

1�����=��������13���(�����%�� �(/�A��A�����%������(�"�����

A�*��#�����

������	�
�����������6� 4����������

����� ν798−<;� 7��;�7��;�7��;�7��;�

�����−��
	�� ν7−8<�;���1�ν7−8<�;� `�7��;�7��;�7��;�

�
��� ν7−8<�;� 7��;�7��;�7��;�

�	�
� ν789:;�(/�������� 7��;�7��;�7��;��7��;��7��;��7��;��7�
;�

����� ν7898;���� 7��;��7��;��7��;��7��;��7��;��7��;��7�
;�

����� δ78−<;������(����� 7��;��7��;��7��;��7��;��7��;��7��;��7�
;�

���
� δ7−8<�;��=������� 7��;��7��;��7��;��7��;��7��;��7��;��7�
;�

��	�� δ798−<;���$%���������(%���1�898���� 7��;��7��;��7��;��7��;��7��;��7��;��7�
;�

��
��−���
�� ν78−8;����−78<�;�−� 7��;��7��;��7��;�


/�ν�−����������������
��
�0�δ�−���-
��
��
������
��
��

� �����

���� ������������	� 	� 
���� ��
�������	� �� ����� ���



���
�

������0
�-��
�����������%��=>������������������4���������,-$�-%%�2�%3�������/�(.�������.������

.���3��.����1���/(����.$%�����(=��(����-�����
D8"������

�
������
=>�54����6��

����P�����

=>�5,-6�

����P�����

���
	���
� ���� ��
�

���
��
�����
� ��	� ����

����	
��
�
� ��� ����

��������
� 		� 	��

�����
	��
� ��� ���

����
�����
�
� ���� ����

�����

� �����

���� ������������	� 	� 
���� ��
�������	� �� ����� ���



���
�

%���
�	'	����

�����

���	�

���� ������������������������ ��� ���

�

�

�

�

�

�

�
�
�
�

�
�
�
�

�
�
�
�

�
�
�
�

�
�
�
	

�




	

�����������	�	
������

�


�


�
��
�
��
�
�
��
�


���
����������
�	

�
�
�






���� ������������	� 	� 
���� ��
�������	� �� ����� ���



���
�

%���
�	(	��
�

�����

%���
�	)	����

�����

�����

��
��
��

��
��
	�
�

��

��
��
�

��

�


�
�
��
��
��
��

�

��
��
��
��
��
�

��
��
��
��

��
��
��

��
�
��
�

��
�
����

��
��
��
�

��
��
�

��

�
�

��
��
�
��
��

��
��
��
��
�

��
��
��
��
��

��
���

�
���
��

��

�
�� ��

���

���

���

���

���

���

���

�
�
�
�
��
�
��
�
	
��


��
�
��
�
�

��
�
�
��
��

�

�
�

�
��
�
�
�

�
�

��������� �����	�
�	��� �����
���	� ��������� ���������� �����
����

�
���

���

���

���

���

���

���

���

�
�
�
�
��
�
��
�
	
��


��
�
��
�
�

��
�
�
��
��

�

�
�

�
��
�
�
�

�
�

���� ������������	� 	� 
���� ��
�������	� �� ����� ���



�	�
�

%���
�	*	����

�����

��� ��� ��� ��� ��� ��� ��� ��	 ��


���

���

���

���

���

���

���

��	

��


�
��
�
�
��
��
��
�
�	


��
�

�
�


�
�
�
�

�������������	
���
��
�

���� ������������	� 	� 
���� ��
�������	� �� ����� ���



Supplementary data to

Quantitative assessment of the degree of lipid

unsaturation in intact Mortierella by Raman

microspectroscopy

Ute Münchberg1,2, Lysett Wagner3,4, Carsten Rohrer5, Kerstin Voigt3,4, Petra
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Hans-Knöll-Institute, Dept. Molecular and Applied Microbiology,

Adolf-Reichwein-Straße 23, 07745 Jena, Germany.
5Institute of Nutrition, Friedrich Schiller University Jena, Dornburger Straße 24,

07743 Jena, Germany.
6Leibniz Institute of Photonic Technology, Albert-Einstein-Straße 9, 07745 Jena,

Germany.

1

���� ������������	� 	� 
���� ��
�������	� �� ����� ���



1 Materials and methods

1.1 Comparison of single lipid vesicles with lipid extract

During Raman measurements only the lipid within a vesicle is investigated. In contrast,

for GC analysis the whole sample is extracted including membrane lipids. To evaluate

whether the lipid composition of the extract is comparable to that of the vesicles we

acquired Raman spectra from both, single vesicles and the crude lipid extract of the

same sample for four species. The extract was prepared following the procedure for GC

analysis until the lipid is obtained in chloroform solution. This chloroform solution was

spotted onto fused silica slides, the chloroform evapoarted and Raman measurements

were performed on the remaining lipid droplets with the same parameters as for aerial

mycelia. The resulting peak intensity ratios for all four species are shown in figure S1.

Peak intensity ratios from the lipid extract do not differ from the ratios determined for

lipid vesicles in the intact hypahe. We therefore conclude that the extraction of the

lipids from the fungi results in a sample with the same composition as found in the

single lipid vesicles.
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Figure S1: Comparison of peak intensity ratios obtained from single lipid vesicles
(green) and lipid extract samples (blue). Median values are marked with circles,
the bars denote the 1st and 3rd quartile. Peak intensity ratios are calculated from
I(1270 cm−1)/I(1445 cm−1).

1.2 GC instrumentation

GC analysis was carried out using a GC 17A (Shimadzu) equipped with a medium polar

column (DB 225MS, 60 m × 0.25 mm id, film thickness 0.25 μm, Agilent Technologies),

an autosampler (AOC 5000, Shimadzu) and a flame ionization detector. The injection

2
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volume was 1.0 μL with a split ratio of 1:20. The carrier gas was H2 (42.3 cm/s). Injector

and detector temperature were kept at 260◦C. For the column the initial temperature

was kept at 70◦C for 2 min, then it was increased by a 10 K/min rate to 180◦C, followed

by an increase to 220◦C with a heating rate of 2.0 K/min. Temperature was kept at

220◦C for 5 min, then increased by 2.0 K/min to 230◦C, where it was kept for 27 min.

For identification of the FA peaks the following standard FAME mixtures were used:

No. 463, 674, (NU-CHEK PREP; INC., US), BR2, BR4, ME 93 (Larodan; Sweden),

Supelco37 Component FAME Mix, PUFA No. 3 and conjugated linoleic acid, linoleic-,

linolenic and octadecenoic acid methyl ester mix (Supelco, Bellefonte).

1.3 Calculation of the iodine values for reference compounds

The IV s of the reference compounds used for Raman spectroscopy were calculated

from their chemical structure. The calculation is carried out exemplarily for arachidonic

acid below. The values for all other compounds were calculated accordingly. Using the

formula

m(I2) = number of double bonds ·M(I2)

= 4 · n(arachidonic acid) ·M(I2)

with

n(arachidonic acid) =
100 g

M(arachidonic acid)

the IV for arachidonic acid calculates to

m(I2) = 4 · 100 g

304.52 g/mol
· 253.8 g/mol = 333.38 g/100 g

for arachidonic acid.

1.4 Calculation of the SR and IV from GC results

To compare the Raman spectroscopic results with GC data, we calculated the SR from

GC measurements. As the Raman signal at 1445 cm−1 contains information on both,

3
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–CH2 and –CH3 groups in the sample, we also calculated the amount of –CH2 and –CH3

groups from the GC results. For better readability we will only refer to methylene groups

in the following description, but the values always include –CH2 and –CH3 groups.

For each fatty acid methyl ester (FAME) that was identified by GC the molar mass

of the FAME, molar mass of the respective triglyceride (TG) and the number of =CH

and methylene groups was calculated from the sum formula of the respective free fatty

acid (FA, see table 1).

molar mass of FAME:

MFAME = (NC,FA + 1) ·MC + (NH,FA + 2) ·MH +NO,FA ·MO

number of =CH groups per molecule FA:

N(=CH)TG = 3 ·N(=CH)FA = 3 · (2 ·NC,FA −NH,FA)

number of –CH2 and –CH3 groups per molecule FA:

N(−CH2)TG = 3 ·N(−CH2)FA + 2

= 3 · (NC,FA −N(=CH)FA − 1) + 2

From the GC measurements we calculated for each FAME the molar amounts of

=CH and –CH2 that the respective triglyceride contributes to the entire sample by

using the following formulae. Percentages of FAMEs determined by GC were directly

taken as masses of FAMEs and the values calculated for 100 g of mixture.

amount of substance of TG:

n(TGi) =
1

3
n(FAMEi) =

1

3

m(FAMEi)

MFAME,i

amont of substance of =CH groups:

n(=CH)TG,i = n(TGi) ·N(=CHTG,i)

amont of substance of –CH2 groups:

n(−CH2)TG,i = n(TGi) ·N(−CH2 TG,i)

4
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Figure S2: Comparison of structure ratios determined from GC and from Raman spec-
troscopy. Panel A shows results for fungal samples grown on GYA at 18◦C, panel B
shows results for fungal samples grown on MEA at 25◦C. A linear function is fitted
to each data set and shown in grey. R2 value is 95.17 for samples grown on GYA at
18◦C and 94.92 for samples grown on MEA at 25◦C. Data of M. alpina are shown in
black, M. antarctica in red, M. elongata in green, M. exigua in blue, M. hyalina in
orange and M. parvispora in pale blue. The symbols mark the median value for each
compound, the bars denote the first and third quartile. Structure ratios represent the
ratio of n(= CH)/(n(−CH2) + n(−CH3)).

Finally, the structure ratio SR for each lipid sample is calculate to

SR =

∑
i n(=CH)TG,i∑
i n(−CH2)TG,i

The resulting value for each sample can then be used to plot the Raman spectro-

scopically determined SR against it as shown in figures S2 A and B.

For calculation of the IV from the GC results, for each FAME the amount of iodine

was calculated separately and then summarized for all FAMEs. Furthermore, the mass

of triglyceride corresponding to the determined amount of each FAME is calculated in

order to refer the calculated total amount of iodine to 100 g of the corresponding TG

mixture using the following formulae:

mass of iodine per FAME

m(I2)FAME,i = number of double bonds per FA · n(FAME)i ·M(I2)

5

���� ������������	� 	� 
���� ��
�������	� �� ����� ���



molar mass of triglyceride calculated from chemical composition of FA:

MTG = (3 ·NC,FA + 3) ·MC + (3 ·NH,FA + 2) ·MH + (3 ·NO,FA) ·MO

the mass of TG corresponding to the determined amount of FAME is obtained by

m(TGi) = n(TGi) ·MTG,i

n(TGi) =
1

3
n(FAMEi) =

1

3

m(FAMEi)

MFAME,i

IV =
m(I2)total
m(TG)total

=

∑
im(I2)FAME,i∑

im(TGi)

1.5 Reproducibility of GC measurements

To evaluate the reproducibility of the GC analyses, M. hyalina was grown on multiple

plates of MEA at room temperature until the plates were completely covered with aerial

mycelium (10 days). The mycelium from several plates was combined and homogenized.

The homogeneous sample was split and both replicates were handled independently

(extraction, transesterification, GC measurement). Detailed results from GC analysis of

both samples are given in table S1. For each FAME the difference in mass percentage was

calculated and the amount of =CH and –CH2 groups corresponding to this percentage

was calculated. The sum values are the errors in determining n(=CH) and n(–CH2).

Since the SR is calculated from

SR = n(= CH)/n(−CH2)

its error is obtained by partial differentiation of this equation.

Δ(SR) =
∂SR

∂n(= CH)
·Δn(= CH) +

∂SR

∂n(−CH2)
·Δn(−CH2)

=
1

n(−CH2)
·Δn(= CH) +

n(= CH)

n(−CH2)2
·Δn(= CH)

From these measurements, a mean SR of 0.186 ± 0.002 was calculated, which corre-

sponds to an error of 1%. We expect the measurement reproducibility to be the same

when the SR is determined for the fungal samples.

6
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2 Supplementary tables

Table S1: GC results for duplicate sample processing. One batch of harvested mycelium

from M. hyalina was split and both parts treated separately . Fatty acid denotation is as

follows: C – number of carbon atoms : number of double bonds, position and isomerism

of double bonds.

Replicate No. 1 No. 2

Fatty acida) [m%] [m%]

C-4:0 0.00 0.00

C-6:0 0.04 0.05

C-7:0 0.00 0.00

C-8:0 0.00 0.00

C-9:0 0.00 0.00

C-10:0 0.01 0.01

C-10:1 0.00 0.00

C-11:0 0.00 0.00

C-11:1 0.00 0.00

C-12:0 0.15 0.15

C-12:1 0.00 0.00

C-13iso 0.00 0.00

C-13aiso 0.00 0.00

C-13:0 0.04 0.04

C-13:1 0.00 0.00

C-14iso 0.00 0.00

C-14:0 3.20 3.23

C-14:1t9 0.00 0.00

C-14:1c9 0.00 0.00

C-15iso 0.00 0.00

C-15aiso 0.00 0.00

C-15:0 0.18 0.18

C-15:1t10 0.00 0.00

C-15:1c10 0.00 0.00

C-16iso 0.00 0.00

continuing ...
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Fatty acid Replicate 1 Replicate 2

C-16:0 12.76 12.94

C-16:1t9 0.04 0.04

C-16:1c9 0.18 0.19

C-17iso 0.00 0.00

C-16:2ω4 0.00 0.00

C-17aiso 0.00 0.00

C-16:3ω4 0.00 0.00

C-17:0 0.19 0.19

C-16:4ω1 0.00 0.00

C-17:1t10 0.00 0.00

C-17:1c10 0.00 0.00

C-18iso 0.00 0.00

C-18aiso 0.00 0.00

C-18:0 7.82 7.85

C-18:1t9 0.57 0.56

C-18:1c9 46.24 46.06

C-18:1isomer0 0.00 0.00

C-18:1c11 0.15 0.15

C-18:1isomer1 0.00 0.00

C-18:1isomer2 0.00 0.00

C-18:2t9,t12 0.00 0.00

C-18:1isomer3 0.00 0.00

C-18:2c9,c12 4.56 4.56

γC-18:3c6,c9,c12 3.98 3.97

C-18:3t3,c9,c12 0.00 0.00

C-19aiso 0.00 0.00

αC-18:3c9,c12,c15 0.20 0.20

C-19:0 0.38 0.38

C-18:4c6,c9,c12,c15 0.00 0.00

C-19:1c7 0.00 0.00

CLA-Z 0.00 0.00

CLA-c9,t11/t8,c10 0.00 0.00

CLA-c11,t13 0.00 0.00

continuing ...
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Fatty acid Replicate 1 Replicate 2

CLA-t10,c12/c11,t13 0.00 0.00

CLA-t11,c13 0.00 0.00

CLA-c9,c11 0.00 0.00

CLA-cc 0.00 0.00

C-20iso 0.00 0.00

CLA-Y 0.00 0.00

CLA-t11,t13 0.00 0.00

CLA-t9,t11 0.00 0.00

C-20:0 0.28 0.29

C-20:1c5 0.00 0.00

C-20:1c8 0.00 0.00

C-20:1t11 0.00 0.00

C-20:1c11 0.83 0.84

C-20:2c11,c14 0.10 0.10

C-20:3c8,c11,c14 2.02 2.05

C-20:4c5,c8,c11,c14 10.33 10.24

C-20:3c11,c14c17 0.03 0.04

C-21:0 0.00 0.00

C-20:4ω3 0.31 0.32

C-20:5ω3 2.62 2.57

C-22:0 0.44 0.45

C-22:1c11 0.00 0.00

C-22:1t13 0.00 0.00

C-22:1c13 0.10 0.09

C-22:2c13,c16 0.00 0.00

C-22:4ω6 0.00 0.00

C-22:5ω6 0.02 0.02

C-22:3ω3 0.00 0.00

C-23:0 0.00 0.00

C-22:5ω3 0.03 0.03

C-22:6ω3 0.00 0.00

C-24:0 0.54 0.55

C-24:1c15 0.70 0.70

continuing ...
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Fatty acid Replicate 1 Replicate 2

C-25:0 0.00 0.00

C-26:0 0.02 0.03

residue 0.94 0.95

SR 0.187 0.186

error 0.002 0.002

a) ’c’ – cis; ’t’ – trans; ’iso’ – isomeric branched FA;
’aiso’ – anisomeric form; ’CLA’ – conjugated linolenic acid;
ω – first position of double bond counting from methyl end of
the chain with the double bonds being cis isomers separated
by a methylene group.

10
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Table S2: Results of GC measurements for the samples, whose IV is presented in table

4.Fatty acid denotation is as follows: C – number of carbon atoms : number of double

bonds, position and isomerism of double bonds. Species are abbreviated as Alp. –

M. alpina, Arct. – M. antarctica, Elon. – M. elongata, Exig. – M. exigua, Hyal. –

M. hyalina, Parv. – M. parvispora.

Fungal species Alp. Arct. Elon. Exig. Hyal. Parv.

Fatty acida) m% m% m% m% m% m%

C-4:0 0 0 0 0 0 0

C-6:0 0 0 0 0 0 0

C-7:0 0 0 0 0 0 0

C-8:0 0 0 0 0 0 0

C-9:0 0 0 0 0 0 0

C-10:0 0 0 0 0 0.003 0

C-10:1 0 0 0 0 0 0

C-11:0 0 0 0 0 0 0

C-11:1 0 0 0 0 0 0

C-12:0 0 0.016 0.058 0.072 0.171 0.014

C-12:1 0 0 0 0 0 0

C-13iso 0 0 0 0 0 0

C-13aiso 0 0 0 0 0 0

C-13:0 0 0 0 0 0.018 0.01

C-13:1 0 0 0 0 0 0

C-14iso 0 0 0 0 0 0.044

C-14:0 0.663 0.668 2.191 4.533 3.722 0.762

C-14:1t9 0 0 0 0 0 0

C-14:1c9 0 0 0 0 0 0

C-15iso 0 0 0 0 0 0

C-15aiso 0 0 0 0 0.003 0

C-15:0 0.056 0.147 0.064 0.054 0.089 0.076

C-15:1t10 0 0 0 0 0 0

C-15:1c10 0 0 0 0 0 0

C-16iso 0.033 0.021 0.026 0.006 0.004 0.082

continuing ...
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Fatty acid Alp. Arct. Elon. Exig. Hyal. Parv.

C-16:0 7.237 15.641 14.059 28.361 18.308 9.852

C-16:1t9 0.014 0.018 0.01 0.022 0.028 0.05

C-16:1c9 0.08 0.108 0.232 0.428 0.238 0.227

C-17iso 0 0 0 0 0.001 0.008

C-16:2ω4 0 0 0 0 0.003 0.01

C-17aiso 0 0 0 0 0.001 0

C-16:3ω4 0 0 0 0 0.002 0

C-17:0 0.069 0.212 0.146 0.06 0.121 0.282

C-16:4ω1 0 0 0 0 0 0

C-17:1t10 0 0 0 0 0 0

C-17:1c10 0 0 0 0 0 0

C-18iso 0 0 0 0 0 0

C-18aiso 0 0 0 0 0 0

C-18:0 2.989 7.031 15.414 9.258 8.894 6.76

C-18:1t9 0.085 0.047 0.028 0.031 0 0

C-18:1c9 5.116 21.807 36.179 39.305 46.957 42.932

C-18:1isomer0 0 0 0 0 0 0

C-18:1c11 0.474 0.485 0.244 0.386 0.138 0.381

C-18:1isomer1 0 0 0 0 0.015 0

C-18:1isomer2 0 0 0 0 0 0

C-18:2t9,t12 0 0 0 0 0 0

C-18:1isomer3 0 0 0 0 0 0

C-18:2c9,c12 3.011 3.552 4.064 3.125 3.204 5.627

γC-18:3c6,c9,c12 4.916 6.508 3.632 2.238 3.803 4.993

C-18:3t3,c9,c12 0.044 0 0 0 0 0

C-19aiso 0 0 0 0 0 0

αC-18:3c9,c12,c15 0 0.02 0.197 0.062 0.182 0.119

C-19:0 0 0 0 0 0 0

C-18:4c6,c9,c12,c15 0.056 0.052 0.425 0.105 0.473 0.443

C-19:1c7 0 0 0 0 0 0

CLA-Z 0 0 0 0 0 0

CLA-c9,t11/t8,c10 0 0 0 0 0 0

CLA-c11,t13 0 0 0 0 0 0

continuing ...
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Fatty acid Alp. Arct. Elon. Exig. Hyal. Parv.

CLA-t10,c12/c11,t13 0 0 0 0 0 0

CLA-t11,c13 0 0 0 0 0 0

CLA-c9,c11 0 0 0 0 0 0

CLA-cc 0 0 0 0 0 0

C-20iso 0 0 0 0 0 0

CLA-Y 0 0 0 0 0 0

CLA-t11,t13 0 0 0 0 0 0

CLA-t9,t11 0 0 0 0 0 0

C-20:0 0.221 0.454 0.484 0.329 0.252 0.416

C-20:1c5 0 0 0 0 0 0

C-20:1c8 0 0 0 0 0.01 0

C-20:1t11 0 0 0 0 0 0

C-20:1c11 0.438 4.882 0.866 0.523 0.558 1.077

C-20:2c11,c14 0.543 0.515 0.225 0.094 0.054 0.191

C-20:3c8,c11,c14 3.308 4.996 5.381 2.922 2.164 4.927

C-20:4c5,c8,c11,c14 64.765 27.38 7.873 5.089 5.78 12.174

C-20:3c11,c14,c17 0 0 0.074 0.006 0.028 0

C-21:0/C-20:4ω3 0.05 0.062 0.804 0.155 0.374 0.373

C-20:5ω3 0.483 0.381 2.153 0.498 2.019 1.281

C-22:0 0.461 0.614 0.666 0.467 0.317 1.145

C-22:1c11 0 0 0 0 0 0

C-22:1t13 0 0 0 0 0 0

C-22:1c13 0.058 1.026 0.072 0.046 0.062 0.112

C-22:2c13,c16 0.268 0.107 0.126 0.035 0.034 0.276

C-22:4ω6 0.076 0.15 0 0.007 0.003 0.027

C-22:5ω6 0 0 0 0 0 0.012

C-22:3ω3 0 0 0 0 0 0

C-23:0 0 0 0 0 0 0

C-22:5ω3 0 0.028 0.033 0.012 0.014 0.112

C-22:6ω3 0 0.018 0 0 0.005 0

C-24:0 1.467 0.341 0.675 0.559 0.291 1.305

C-24:1c15 0.761 0.942 1.481 0.458 0.484 0.787

C-25:0 0 0 0 0 0 0

continuing ...
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Fatty acid Alp. Arct. Elon. Exig. Hyal. Parv.

C-26:0 0.239 0.019 0.07 0.063 0.028 0.116

residue 2.019 1.751 2.047 0.692 1.142 2.997

SR 0.476 0.260 0.161 0.113 0.145 0.200

a) ’c’ – cis; ’t’ – trans; ’iso’ – isomeric branched FA; ’aiso’ – anisomeric form;
’CLA’ – conjugated linolenic acid; ω – first position of double bond counting from
methyl end of the chain with the double bonds being cis isomers separated by a
methylene group.
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Table S3: Comparison of the IVs for all replicates of fungal samples. For each of the

three growth conditions the IVs for all replicates are given as determined by Raman

spectroscopy and by GC analysis. IVs are given in g/100g.

Species Replicate GYA, 18◦C MEA, 18◦C MEA, 25◦C

no. Raman GC Raman GC Raman GC

M. alpina

1 281 267 243 248 234 244

2 261 268 228 250 225 250

3 238 262 180 242 222 215

4 258 267 211 215 247 261

5 261 264

M. antarctica

1 146 180 147 153 124 128

2 143 179 140 149 124 134

3 145 172 130 128 118 134

4 129 154 135 141 134 105

5 162 169

6 157 185

M. elongata

1 119 134 99 102 102 101

2 124 132 99 98 108 106

3 119 126 101 101 102 106

4 117 138 105 96 105 105

5 121 156

M. exigua

1 100 115 77 73 76 72

2 101 119 79 75 77 73

3 99 113 82 83 77 74

4 99 112 78 77 81 75

5 100 106 76 72

M. hyalina

1 107 127 90 93 88 90

2 108 138 97 94 88 89

3 109 137 96 90 92

4 105 136 92 95 88 92

continuing ...
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Species No. GYA, 18◦C MEA, 18◦C MEA, 25◦C

Raman GC Raman GC Raman GC

5 100 145 93 90

6 102 154

M. parvispora

1 116 125 112 132

2 117 128 111 126

3 114 134 113 95

4 109 128 109 130
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3 Supplementary figures
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Figure S3: Spectra of single lipid vesicles from replicate A of M. verticillata. The four
spectra show different peak intensity ratios of the signals at 1264 and 1304 cm−1.

17

���� ������������	� 	� 
���� ��
�������	� �� ����� ���



3000 2800 1800 1600 1400 1200 1000 800

16
10

15
93

15
77

R
am

an
 In

te
ns

ity

wavenumber / cm-1

11
64

Figure S4: Spectra of single lipid vesicles from M. alpina showing additional signals next
to the lipid bands. The four spectra show varying intensities of the additional signals at
1610/1593/1577 cm−1 and 1164 cm−1 indicating different polyene concentrations even
though all spectra are obtained from the same sample.
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Figure S5: Calibration curves used in this work. In panel A the measured peak intensity
ratios of the reference compounds are plotted against their SR in red and the resulting
linear function fitted to the data with an R2 of 98.52 is shown in grey. Panel B shows
the correlation of the SR to the IV s for the reference compounds. Calculated SR, to
which the second order polynomial is fitted with an R2 of 99.83, are shown in green. The
experimental SR as determined from the peak intensity ratios are shown in red. The
symbols mark the median SR for each compound, the bars denote the first and third
quartile. Peak intensity ratios are calculated from I(1270 cm−1)/I(1445 cm−1).
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Figure S6 (preceding page): Comparison of the IV s for all replicates of fungal samples.
Samples grown on GYA at 18◦C are shown in red in panel A, samples grown on MEA
at 18◦C are shown in blue in panel B and samples grown on MEA at 25◦C are shown
in panel C in green. IVs determined from Raman spectroscopy are depicted as triangles
in dark colour, corresponding GC values are shown as circles in bright colour.
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